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FOREWORD 


This  final  technical  report  covers  work  performed  under 
Contract  F33615-82-C-5100  from  1  August  1982  to  31  July  1984. 
The  work  was  administered  under  the  technical  direction  of  Mr. 
Charles  Elias  and  Dr.  Joseph  Moyzis,  Material  Laboratory,  Air 
Force  Wright  Aeronautical  Laboratories,  Wright-Patterson  Air 
Force  Base,  Ohio  45433. 

The  contractor  was  the  Nondestructive  Testing  Section  of 
Battelle,  Pacific  Northwest  Laboratories,  Richland,  Washington 
99352.  The  principal  investigator  was  Mr.  Jim  Prince.  Other 
investigators  were  J.  Mike  King  and  Mike  Dodson.  The  theoretical 
analysis  was  performed  at  Stanford  University  by  Prof.  Bert 
Auld. 
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Magnetic  Work  Pieces 


This  report  describes  the  work  performed  by  Battel le. 
Pacific  Northwest  Laboratories  and  Stanford  University  under 
Contract  F33615-82-C-5100  with  the  Air  Force  Wright  Aeronau¬ 
tical  Laboratories.  The  project  was  specifically  directed  at 
developing  a  breadboard  surface  flaw  detection  system  for  the 
detection  of  fatigue  cracks  in  complex  geometry  engine  compon¬ 
ents  made  of  Ti  6-2-4-6  or  IN-100.  In  the  project's  first  task, 
theoretical  and  experimental  work  were  performed  to  character¬ 
ize  the  FMR-MEC  probe's  surface  flaw  detection  sensitivity  as  a 
function  of  probe  liftoff,  specimen  material  (Ti  6-2-4-6  and  IN- 
100),  specimen  geometries  in  the  area  of  the  flaw  and  flaw 
length,  depth  and  closure.  The  FMR-MEC  probe  design  has  been 
optimized  in  the  single  probe  configuration  for  maximum  flaw 
detection  sensitivity  on  the  flaw,  material  and  geometry  com¬ 
bination  that  pertains  to  a  critical  location  in  the  engine 
component.  The  theoretical  analysis  and  modeling  was  provided 
by  Stanford  University  under  subcontract  to  Battelle  to  help 
guide  and  analyze  the  Task  I  laboratory  studies. 

In  the  second  task,  Battelle  designed  and  assembled  a 
breadboard  MEC  flaw  detection  system  to  inspect  the  key  slot 
geometry  on  a  jet  engine  interstage  seal  component  that  was 
supplied  by  the  Air  Force.  The  system  design  is  based  on  the 
information  generated  in  Task  I.  Experiments  were  performed 
evaluating  the  breadboard  system's  sensitivity  of  detection  on 
the  key  slot  specimen  as  well  as  the  specimens  prepared  in  Task 
I.  This  evaluation  provides  information  to  assess  the  potential 
for  inclusion  of  an  FMR-MEC  system  based  on  the  breadboard  into 
the  RFC  modular  inspection  system. 

In  the  third  task,  Battelle  demonstrated  the  research 
results  to  the  Air  Force  staff  at  AFWAL.  The  demonstration 
verified  the  breadboard  system's  practical  performance  and 
capabilities. 

The  microwave  eddy  current  technology  utilized  in  this 
project  is  based  on  the  FMR  characteristics  of  a  GaYIG  (Gallium- 
doped  Yttrium  Iron  Garnet)  sphere.  When  the  GaYIG  sphere  is 
coupled  to  an  excitation  current  source  with  a  single  turn  loop 
of  wire  and  immersed  in  a  DC  magnetic  field,  which  is  oriented 
approximately  parallel  with  the  loop  plane,  a  magnetic  pre¬ 
cession  occurs  in  the  resonator  material.  With  the  resonating 
sphere  placed  close  enough  to  a  conductive  material  so  that  the 
precessing  field  links  with  the  material,  eddy  currents  are 
induced  into  the  material.  The  eddy  current  field  covers  a 
surface  area  approximately  corresponding  to  the  diameter  of  the 
coupling  loop,  which  is  typically  0.1  millimeters  larger  in 


diameter  than  the  YIG  sphere.  The  resultant  surface  and  near¬ 
surface  eddy  currents  in  turn  generate  magnetic  fields  that  link 
back  to  the  resonating  sphere  affecting  its  characteristics, 
specifically  the  resonant  frequency  and  Q.  The  diameter  of  the 
GaYIG  sphere  typically  ranges  from  0.25  to  0.75  millimeters, 
which  accounts  for  its  inherent  high  spatial  resolution. 

The  approach  followed  by  Battelle  is  to  utilize  the  FMR 
probe  in  an  active  mode  in  which  it  operates  as  the  resonant 
element  of  a  microwave  oscillator  circuit  (active  FMR  probe)  at 
frequencies  ranging  from  600-1100  MHz.  In  this  active  mode,  the 
excitation  current  is  supplied  by  the  oscillator  circuitry  at  a 
frequency  automatically  set  to  the  resonant  frequency  of  the  FMR 
probe . 

Section  2.0  of  this  report  discusses  the  experimental 
evaluation  performed  by  Battelle,  and  Section  3.0  discusses  the 
theoretical  analysis  and  modelling  performed  by  Stanford.  Sec¬ 
tion  4.0  summarizes  the  work  performed  in  this  study  and  provides 
our  conclusions. 
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2 . 0  EXPERIMENTAL  EVALUATION 


2.1  DETERMINE  PHYSICAL  CONSTRAINTS  ON  TEST  METHOD  (TASK  I) 


2.1.1  Electronically  Modeling  the  Passive  FMR  Probe 

In  order  to  optimize  the  capabilities  of  the  active  FMR 
probe,  it  was  necessary  to  electronically  model  the  probe  and 
gain  an  understanding  of  the  relationship  between  its  model 
components  and  its  environment.  The  equivalent  circuit  model  of 
the  FMR  probe  is  shown  in  Figure  1. 


Figure  1.  FMR  Probe  Equivalent  Circuit. 


The  FMR  probe  is  electronically  analyzed  by  plotting  its 
reflection  coefficient  as  a  function  of  frequency  on  the  Smith 
chart.  This  is  accomplished  with  the  set  up  shown  in  Figure  2. 
The  test  equipment  shown  here  is  an  HP8754A  and  8748A  test  set 
configured  for  measuring  circuit  reflection  coefficients  and 
transistor  S-parameters  over  a  frequency  range  of  4-2600  MHz. 


NETWORK  ANALYZER  AND  S-PARAMETER 
TEST  SET 


Figure  2.  Reflection  Coefficient  Measurement  Set  Up. 


The  FMR  probe  test  fixture  provides  a  method  for  studying  the 
probe  * s  electronic  behavior  as  a  function  of  its  environment. 

The  component  values  for  the  FMR  probe  equivalent  circuit 
(Figure  1)  are  resolved  by  fitting  the  results  of  the  equivalent 
circuit  impedance  equation  shown  below  with  the  Smith  chart 
plot. 


vxcD*iD>2  +  r  «2p<xCnxiP)(xCp-xlp) 
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Two  FMR  probe  Smith  chart  plots  are  shown  in  Figure  3. 
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UNLOADED  FMR  PROBE 
LIFTOFF  =  « 


LOADED  FMR  PROBE 
LIFTOFF  =  0 


Figure  3.  Typical  FMR  Probe  Reflection  Coefficient  Plots. 

The  following  equivalent  circuit  component  values  matched 
the  calculated  impedance  with  the  respective  Smith  charts  at  the 
frequencies  shown. 

Unloaded  FMR  Probe  (Liftoff  =  °°) 

Lp  =  0.136  nh  (nanohenry) 

Cp  =  230  pf  (picofarad) 

Rp  -  175  ohms 
^loop  =  4.6  nh 
Probe  Q  =  228 

Loaded  FMR  Probe  (Liftoff  =  0) 


Lp  =  0.104  nh 
Cp  =  290  pf 
Rp  =  34  ohms 
^loop  =  4.6  nh 
Probe  Q  =  57 
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Note  the  large  change  in  Rp.  We  feel  that  this  type  of  analysis 
will  lead  to  an  active  probe  design  that  will  provide  for 
flaw/liftoff  separation  in  physically  small  probe  designs. 

Approximate  values  for  the  parallel  components  in  the 
equivalent  circuit  can  also  be  calculated  for  the  unloaded  FMR 
probe,  as  follows,  when  the  physical  parameters  of  the  probe  are 
known . (1,2) 

H0  -  1/3  (  4irMs ) 

Qu  “Sh 

Rp  =  M0  Qu  (  2  tty)  (  4ttMs  ) 

C  =  Qu 
Rp0)o 

t  =  RP 
P  Qu^o 

where:  Qu  =  unloaded  Q  (liftoff  =  °°) 

Ho  ■  fo/Y*  gauss 

y  =  2.8  x  106  Hz/gauss,  gyromagnetic  ratio 
4ttms  =  saturation  magnetization  of  GaYIG,  gauss 
Ah  =  line  width  of  GaYIG,  oersted 
V  =  volume  of  GaYIG  sphere,  meter3 
de  =  effective  diameter  of  loop,  meter 
Mc  =  4^  x  10~7  henry/meter. 

The  key  to  the  accuracy  of  these  equations  lies  in  the 
determination  of  the  effective  diameter  of  the  loop.  Using  the 
measured  loop  diameter  of  1  mm  and  the  GaYIG  manufacturer's 
specifications  of  V  =  2.09  x  lQ”3^  meter3,  4nMs  =  250  gauss,  and 
AH  = 1  oersted,  we  calculate 

Qu  =  238 
Lp  =  0.204  nh 
Cp  =  153  pf 
Rp  =  275  ohms 

The  results  indicate  that  Qu  is  very  close  to  the  measured 
value,  but  that  the  parallel  component  values  differ  from  the 
measured  values  substantially  indicating  that  the  effective 
loop  diameter  does  not  equal  the  measured  diameter  of  1  mm.  By 
adjusting  the  effective  loop  diameter  to  1.25  mm  and  recalcu¬ 
lating  the  parallel  component  values,  we  get  much  better  re- 


Lp  =  0.131  nh 
Cp  =  239  pf 
Rp  =  176  ohms 

These  calculated  values  serve  nicely  as  initial  values  for 
the  Smith  chart  impedance  fitting  process  discussed  earlier. 

2.1.2  Characterization  of  FMR  Probe  in  the  Passive  Mode 

2. 1.2.1  YIG  Sphere  Orientation  Method  for  Mounting 

One  of  the  requirements  for  achieving  repeatable  FMR  probe 
operation  is  that  the  crystallo-graphic  orientation  of  the  YIG 
sphere  must  be  known  when  it  is  fixed  to  the  YIG  mounting  rod. 
The  YIG  sphere  is  made  from  a  cubic  crystal  material  having  a 
strong  magneto-crystalline  anisotropy.  It  has  hard  [100,  etc.] 
axes  of  magnetization  perpendicular  to  its  cube  faces  and  easy 
[111,  etc.]  axes  of  magnetization  along  its  cube  diagonal 
directions.  One  effect  of  this  anisotropy  is  that  the  effective 
strength  of  the  applied  magnetic  field  on  the  YIG  sphere  changes 
with  its  orientation  in  the  external  DC  magnetic  field.  This 
effect  has  been  measured  by  observing  the  resonant  frequency  of 
an  FMR  probe  with  the  YIG  mounted  with  an  easy  axis  perpendicular 
to  the  mounting  rod.  The  mounting  rod  was  then  rotated  with  its 
axis  perpendicular  to  the  lines  of  the  external  DC  magnetic 
field.  The  net  effect  was  that  the  resonant  frequency  varied 
from  700  to  960  MHz,  which  corresponds  to  a  change  in  the  effec¬ 
tive  applied  magnetic  field  on  the  YIG  sphere  of  93  gauss.  This 
30%  change  in  the  applied  field  strength  signifies  the  import¬ 
ance  of  a  repeatable  YIG-sphere  mounting  procedure. 

The  easy  axes  can  readily  be  located  since  the  YIG  sphere, 
when  allowed  to  roll  freely,  will  self  orient  an  easy  axis  along 
the  field  direction  of  an  external  DC  magnetic  source.  As  shown 
in  Figure  4,  the  easy  axes  can  be  marked  by  placing  a  spot  of  RTV 
on  the  top  of  the  sphere  as  it  rests  on  or  near  the  surface  of 
a  permanent  magnet.  The  other  easy  axes  can  be  located  by 
nudging  the  sphere  off  of  the  marked  axis  and  on  to  another.  By 
marking  at  least  two  adjacent  easy  axes,  a  hard  axis  can  be 
located.  However,  if  four  adjacent  axes  are  located  and  marked, 
final  positioning  of  the  sphere  on  the  mounting  rod  is  made  much 
easier.  In  this  case,  the  rod  is  cemented  to  the  sphere  with  its 
axis  in  the  center  of  the  easy  axis  marks  and  thus  on  a  hard  axis. 
A  fixture  holds  the  rod  at  an  angle  of  35.3°  above  the  permanent 
magnet  face  plane  to  assure  the  proper  contact  angle. 


! 


6 


PERMANENT  MAGNET 
FACE 


Figure  4.  Easy  and  Cube  Face  Axes  Location  Method. 


2 . 1 . 2 . 2  FMR  Probe  Temperature  Stability  Versus  Orienta¬ 
tion 

The  location  of  a  hard  axis  is  particularly  important  in 
performing  experiments  concerning  temperature  stability  of  the 
YIG  FMR  probe.  It  is  well  known  in  the  YIG  device  industry  that 
crystal lo-graphic  orientations  in  the  external  magnetic  field 
exist  that  greatly  suppress  the  affect  of  temperature  on  FMR 
probe  resonance.  This  is  an  important  factor  in  terms  of 
absolute  FMR-MRC  probe  engineering.  For  pure  YIG  material  (we 
are  using  gallium-doped  material  in  this  work),  optimum  tempera¬ 
ture  independence  should  occur  when  the  sphere  is  oriented  so  a 
hard  axis  is  approximately  30°  from  the  direction  of  the  external 
field.  Therefore,  all  possible  external  field  directions  that 
would  satisfy  this  orientation  form  a  30°  cone  about  each  hard 
axis  since  all  hard  axes  are  equivalent. 

The  signals  shown  in  Figure  5  are  the  result  of  setting  up 
a  pulsating  heat  source  directed  at  a  YIG  sphere  in  an  FMR  probe 
test  fixture.  The  signals  were  taken  from  the  HP8754  network 
analyzer  and  represent  approximately  20  MHz/ volt  shift  in  the 
probe  resonant  frequency.  For  the  worst-case  signals,  this 
translates  to  a  peak-to-peak  frequency  shift  of  2.5  MHz.  The 
optimum  orientation  allowed  a  140  kHz  shift  for  the  same  delta 
temperature.  This  is  a  25  dB  improvement  in  the  reduction  of 
unwanted  temperature  effects.  At  the  optimum  orientation  one  of 
the  hard  axes  was  approximately  30°  from  the  direction  of  the 
external  DC  magnetic  field.  However,  the  magnitude  of  the  tem¬ 
perature  effects  remained  sensitive  to  the  rotation  of  the  probe 
on  its  mounting  rod  axis. 
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Figure  5.  FMR  Probe  Temperature  Response. 


This  implies  that  the  hard  axis  did  not  exactly  line  up  with 
the  probe  mounting  rod  axis  causing  the  field  direction  to  rotate 
out  of  the  30°  cone  about  the  hard  axis.  It  was  not  determined 
whether  adequate  flaw  sensitivity  can  be  maintained  with  the 
FMR-MRC  probe  oriented  for  optimum  temperature  independence, 
since  sensitivity  to  flaws  is  also  a  function  of  probe/external 
field  orientation. 

2. 1.2. 3  Flaw/Liftoff  Separation  in  Reflection 
Coefficient  Data 


As  a  result  of  the  theoretical  analysis  and  modeling  work 
being  performed  at  Stanford  for  this  project,  we  have  pursued  the 
philosophy  that  if  flaw/liftoff  discrimination  could  be 
achieved  in  a  practical  single  FMR-MEC  probe  configuration, 
going  to  a  dual-differential  configuration  would  not  be  neces¬ 
sary.  Another  factor  is  that  the  dual  probe's  size  and  com¬ 
plexity  may  rule  it  out  for  certain  tight  geometry  applications. 

The  reflection  coefficient  plot  shown  in  the  upper  portion 
of  Figure  6  was  taken  with  the  microwave  network  analyzer  con¬ 
nected  to  a  passive  FMR  probe.  A  titanium  test  specimen  with  a 
0.63  mm  long  EDM  notch  in  it  was  positioned  approximately  0.13 
mm  from  the  probe.  The  liftoff  and  flaw  loci  were  generated  at 
a  fixed  drive  frequency  of  750  MHz.  The  resonance  loop  was 
generated  by  sweeping  the  drive  about  750  MHz.  It  is  clear  from 
these  data  that  the  FMR  probe  does  provide  a  phase  angle  between 
liftoff  and  flaw.  The  plot  shown  in  the  lower  portion  of  Figure 
6  illustrates  the  flaw/liftoff  loci  as  a  function  of  the  location 
of  the  drive  frequency  on  the  resonance  loop.  Utilizing  these 
data  to  equate  flaw  and  liftoff  responses  to  the  equivalent 
circuit  model  of  the  FMR  probe,  it  should  be  possible  to  optimize 
the  active  probe  oscillator  circuit  for  flaw/liftoff  phase 
separation. 
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Figure  6.  Flaw/Liftoff  Separation  on  Passive  FMR  Probe. 


2. 1.2. 4  FMR  Probe  Effective  RF  Field  Plot 

It  is  important  to  know  what  the  shape  of  the  FMR  probe  RF 
field  is,  particularly  in  applications  where  inspection  is  re¬ 
quired  in  tight  areas  such  as  sharp  inside  corners.  Knowing  the 
RF  field  shape  as  a  function  of  the  FMR  probe  geometry  allows  the 
coupling  loop  and  YIG  sphere  diameters  to  be  chosen  accurately 
for  the  specific  inspection  geometry. 

The  RF  field  test  set  up  is  shown  in  Figure  7  along  with 
probe  response  curves  taken  with  the  network  analyzer  and  a  plot 
of  data  taken  from  these  curves.  A  passive  probe  was  connected 
to  the  network  analyzer  with  a  0.38  mm  diameter  copper  wire 
placed  near  the  probe,  as  shown  in  the  test  set  up,  on  an  x-y 
positioner.  The  vertical  and  horizontal  network  analyzer  out¬ 
puts  were  connected  to  a  storage  scope  to  allow  superimposing  the 
curves  onto  one  photograph.  Each  curve  shows  how  the  reflection 
coefficient  of  the  FMR  probe  responded  when  the  wire  position  was 
moved  from  outside  the  RF  field  (X  greater  than  1  mm)  to  directly 
in  front  of  the  probe  (X  =  0)  at  a  given  liftoff  (Y).  The  scope 
horizontal  position  was  adjusted  manually  to  mark  each  curve  at 
various  X  values  and  to  spread  out  the  curves  along  the  hori¬ 
zontal  axis.  A  plot  of  the  relative  probe  responses  versus  the 
X  displacement,  shown  at  the  bottom  of  Figure  7,  indicates  that 
the  FMR  probe  RF  field  is  confined  and  directed  by  the  coupling 
loop.  This  conclusion  was  substantiated  by  observing  that 
negligible  response  occurred  when  a  copper  strip  was  placed 
along  side  of  the  coupling  loop  in  the  same  direction  as  the  wire 
shown  in  the  setup. 

2.1.3  Development  of  FMR-MEC  Signal  Processing  Methods 

2. 1.3.1  Flaw/Liftoff  Separation  from  Active  Probe 
Output  Signal 

As  discussed  earlier  in  this  report,  we  were  able  to  obtain 
flaw/liftoff  separation  in  the  reflection  coefficient  domain. 
This  means  that  the  electrcial  complex  impedance  of  the  FMR  probe 
changes  in  one  manner  for  flaws  and  another  for  liftoff  fluxu- 
ations.  These  changes  can  also  be  expressed  in  terms  of 
resonator  Q  and  resonant  frequency.  The  active  probe,  which 
consists  of  an  FMR  probe  (the  resonator)  in  a  transistor  oscil¬ 
lator  circuit,  transforms  these  changes  into  its  output  in  the 
form  of  amplitude  and  frequency.  In  order  to  evaluate  the 
results  of  this  transformation,  we  designed  and  fabricated  the 
amplitude/frequency  (A/F)  signal  processor  shown  in  block  dia¬ 
gram  form  in  Figure  8.  Actually,  we  fabricated  a  dual  signal 
processor  to  facilitate  testing  of  the  dual-differential  FMR 
probe  as  required.  The  A/F  signal  processor  first  converts  the 
ultra-high  frequency  of  the  active  probe  output  down  to  an 
intermediate  frequency  (IF)  of  approximately  50  MHz  through  a 
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Figure  8.  Amplitude/Frequency  Signal  Processor  with  Flaw 
and  Liftoff  Response. 


double-balanced  mixer  which  preserves  the  amplitude  information 
in  the  probe  output.  The  IF  signal  is  then  amplified  and 
presented  to  the  amplitude  and  frequency  detectors.  The  ampli¬ 
tude  detector  is  simply  a  peak  follower.  The  frequency  detector 
first  limits  the  IF  signal  to  remove  amplitude  information.  Then 
it  frequency  demodulates  the  limited  signal  with  one  slope  of  a 
bandpass  filter  and  a  peak  detector.  The  data  shown  in  Figure 
8  was  taken  with  a  demonstration  probe  developed  in  a  previous 
contract. (3)  The  YIG  sphere  orientation  was  adjusted  slightly 
for  optimum  flaw/liftoff  separation.  The  flaw  response  is  from 
a  0.25  mm  by  0.13  mm  EDM  notch  in  a  Ti  6-4  disk  specimen  with 
liftoff  set  at  0.15  mm.  Again,  as  with  the  passive  probe 
flaw/liftoff  data  (Figure  6 ) ,  we  see  excellent  phase  separation 
between  the  flaw  response  and  the  liftoff  response. 

In  order  to  study  this  separation  further  in  terms  of 
liftoff  signal  suppression,  we  designed  and  fabricated  a  signal 
mixer.  The  mixer,  which  can  mix  up  to  four  signals,  will 
accommodate  dual -probe  data  mixing.  The  results  of  mixing 
amplitude  and  frequency  data  from  a  single  active  probe  are  shown 
in  Figure  9.  The  numbers  above  each  flaw  signal  identify  which 
EDM  notch  on  a  Ti  6-4  disk  the  flaw  response  is  from.  The  disk 
was  shimmed  to  provide  a  0.025  mm  liftoff  fluxuation.  The 
liftoff  effects  are  clearly  visible  going  into  the  mixer,  which 
was  adjusted  for  optimum  liftoff  signal  suppression  at  its 
output  as  shown.  The  notch  geometry  and  dimensional  information 
for  the  Ti  6-4  disk  is  shown  in  Figure  10. 
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Figure  9.  Signal  Mixer  for  Suppression  of  Liftoff  Signal. 
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Figure  10.  Ti  6-4  Disk  Geometry  and  Dimensions. 

2. 1.3. 2  Mixed  Data  on  IN-100  and  Ti  6-2-4-6  Specimens 

Experiments  were  performed  on  disk  specimens  of  IN-100  and 
Ti  6-2-4-6  to  evaluate  the  FMR-MEC  method  sensitivity  as  a 
function  of  these  materials.  A  disk  of  each  material  was  EDM 
notched  as  shown  in  Figure  11.  The  mixed  data  in  this  figure  have 
been  set  for  maximum  liftoff  suppression.  Note  that  the  refer¬ 
ence  notch  response  (EDM  Notch  #1)  on  both  materials  is  approxi¬ 
mately  the  same  magnitude,  indicating  that  the  FMR-MEC  method 
performs  equally  well  on  both  materials.  It  can  also  be  observed 
that  some  of  the  other  notch  responses  are  not  equivalent  from 
material  to  material.  The  reason  for  this  is  that  even  though 
the  notch  dimensions  are  extremely  close  on  both  disks,  they  were 
not  put  exactly  on  the  same  radius  with  respect  to  each  other  on 
either  disk.  Therefore,  the  probe  must  be  positioned  for  maximum 
flaw  response  over  the  EDM  notch  of  interest  (Notch  #1  for  these 
data)  which  may  tend  to  weaken  the  responses  to  other  notches. 
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Figure  11.  EDM  Notch  Data  on  IN-100  and  Ti  6-2-4-6. 
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Figure  12.  Tight  Crack  Disk  Specimen. 


The  tight  crack  specimen  shown  in  Figure  12  was  fabricated 
on  a  Ti  6-2-4~6  disk.  As  shown,  the  crack  width  is  in  the  order 
of  1-3  microns.  The  other  marks  running  across  the  crack  are 
machine  marks  still  present  on  the  unpolished  disk  from  its  being 
cut  into  the  disk  shape.  These  circular  marks  do  not  affect  our 
test  since  we  are  scanning  the  surface  in  the  same  direction; 
i.e.,  approximately  perpendicular  to  the  crack  on  a  fixed 
radius . 

The  mixed  data  on  this  tight  crack  is  shown  in  the  left 
photograph  of  Figure  13.  The  photograph  on  the  right  is  data 
taken  on  the  Ti  6-4  disk  with  the  same  probe,  probe  liftoff,  and 
signal  processor  gain  settings.  By  comparing  response  mag¬ 
nitudes,  we  see  that  this  tight  crack  produces  approximately  the 
same  response  as  the  number  4  response  on  the  disk  which  is  from 
a  0.42  mm  by  0.14  mm  EDM  notch  (refer  to  Figure  10  for  other  Ti 
6-4  disk  notch  dimensions).  Considering  that  the  effective 
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Figure  13.  Tight  Crack  Data  on  Disk  Specimen. 


sensitivity  of  the  active  probe  used  in  this  experiment  is  less 
than  1  mm  in  diameter,  we  can  postulate  that  we  would  obtain  a 
similar  response  if  the  probe  was  scanning  directly  over  an 
equivalently  tight  crack  having  a  length  of  1  mm.  From  this  we 
can  conclude  that  the  sensitivity  of  the  FMR-MEC  method  is 
reduced  as  the  flaw  becomes  tighter,  since  an  open  notch  of  0.42 
mm  in  length  produces  an  equivalent  response  magnitude  in  the 
mixed  data.  However,  it  appears  from  these  data  that  the  FMR- 
MRC  method  has  the  sensitivity  to  detect  tight  cracks  in  the 
order  of  0. 5-1.0  mm  in  length  and  1-3  microns  in  width  in  Ti  6- 
2-4-6  or  IN-100  materials. 

2.1.4  Development  and  Characterization  of  Active  FMR  Probes 

2. 1.4.1  Some  Introductory  Active  FMR  Probe  Oscillator 
Theory 


The  stability  factor  K  for  the  oscillator  circuit  must  be  less 
than  unity  and  in  the  case  of  the  common-base  oscillator  con¬ 
figuration,  its  emitter  must  resonate  with  the  FMR  probe  (1/S^1 
=  r r)  and  it's  collector  must  resonate  with  the  load  matching 
circuit  ( I/S22 '  =  f l ^  *  T^e  latter  two  equations  can  be  combined 
into  the  form 


s2121 2rL 


rR  -  8u  + 


where  S^,  S21,  &12'  ar*d  s22  are  t^le  scattering  parameters  for 
the  transistor,  including  any  feedback  circuitry,  Fl  Is  the  load 
reflection  coefficient,  and  Fr  is  the  resonator  (FMR  probe) 
reflection  coefficient.  From  this  we  can  see  that  when  the  FMR 
probe  reflection  coefficient  (Tr)  changes  as  a  result  of  a  flaw 
and/or  liftoff  fluxuation,  Tl  must  respond  accordingly  or  a 
mismatch  will  exist  at  the  transistor  output  and/or  input,  weak¬ 
ening  the  conditions  for  oscillation,  and  thus  changing  the 
output  amplitude.  Since  the  load  matching  circuit  is  made  up  of 
fixed  components,  it  can  only  change,  in  terms  of  Tj,,  when  the 
oscillator  frequency  changes.  Therefore,  it  is  evident  that  the 
frequency  dependent  characteristics  of  Tl  strongly  influence  the 
active  FMR  probe  amplitude  and  frequency  responses  to  flaw  and 
liftoff. 

In  order  to  investigate  this  complex  relationship.  Bat¬ 
tel  le  purchased  an  electronic  circuit  computer-aided-design 
(CAD)  program  that  will  work  in  terms  of  scattering  parameters, 
reflection  coefficients,  and  strip  lines.  Utilizing  this  CAD 
program  along  with  experimental  data,  we  attempted  to  directly 
correlate  the  oscillator  circuit  design  and  the  FMR  probe 
equivalent  circuit  flaw  and  liftoff  responses  with  the  ultimate 
flaw  sensitivity  and  flaw/liftoff  phase  separation  of  the  active 
FMR  probe.  This  relationship  is  the  key  to  fabricating  active 
FMR  probes  with  widely  different  YIG  sphere/permanent  magnet 
configurations.  However,  we  were  not  successful  in  the  corre¬ 
lation  effort,  since  the  CAD  program  is  for  linear  circuits  and 
does  not  analyze  oscillators  well. 

2. 1.4. 2  Active  FMR  Probe  Oscil lator /Buffer  Design  for 


Dual  probe  Conf iquration 


A  dual  active  FMR  probe  was  fabricated  using  the  circuit 
shown  in  Figure  14.  The  oscillator  section  of  this  circuit  (to 
the  left  of  R^)  is  a  design  developed  for  wideband  operation  into 
a  50  ohm  load.  The  buffer  stage  around  the  2N6701  transistor  was 
added  to  allow  wideband  operation  into  a  double-balanced  mixer 
having  a  frequency  dependent  VSWR  of  the  order  of  two.  Oscil¬ 
lator  to  mixer  isolation  was  achieved  and  wideband  operation 
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Figure  14.  A  wideband  Oscillator/Buffer  Design. 


maintained  by  adjusting  Rj.,  R2,  and  L0.  This  buffer  circuit  was 
designed  prior  to  our  purchase  of  the  CAD  program.  The  dual 
probe  was  fabricated  so  that  both  FMR  probes  were  in  the  same 
external  dc  magnetic  field  supplied  through  pole  pieces  from  a 
permanent  magnet. 

We  were  unable  to  obtain  both  sides  of  the  dual  probe  to 
operate  simultaneously  for  differential  evaluation.  This  was 
due  both  to  mechanical  and  electronic  deficiencies.  Mechanic¬ 
ally  we  were  unable  to  adjust  both  YIG  spheres  for  proper 
orientation  in  the  external  field  without  causing  large  liftoff 
discrepancies.  This  can  be  remedied  with  a  more  versatile  YIG 
sphere  adjustment  mechanism.  Electronically  we  were  unable  to 
get  a  desirable  level  of  amplitude  sensitivity  from  either 
probe.  We  suspect  this  to  be  caused  by  the  gain  characteristics 
of  the  buffer  stage.  This  feeling  was  later  substantiated  by  a 
gain  analysis  generated  by  the  CAD  program  on  the  buffer  circuit 


revealing  a  highly  frequency  dependent  gain  function.  This 
could  easily  affect  amplitude  information  in  a  signal  where 
frequency  is  fluxuating  with  amplitude. 


The  mixed  data,  shown  at  the  bottom  of  Figure  14,  was  taken 
with  one  side  of  the  dual  probe  scanning  the  Ti  6-2-4-6  disk. 
Even  with  weak  amplitude  information,  it  was  possible  to  adjust 
the  probe,  signal  processor,  and  mixer  for  an  adequate  flaw- 
signal  to  liftoff-noise  ratio.  However,  the  adjustments  were 
much  more  critical  because  of  the  weaker  data. 

Based  on  the  repeatability  of  the  active  FMR  probe  sensi¬ 
tivity  demonstrated  with  five  probes  in  our  previous  FMR-MEC 
project, (3)  we  feel  that  with  some  basic  improvements  in  elec¬ 
tronic  and  mechanical  design,  the  dual-differential  FMR  probe 
configuration  could  be  a  practical  way  of  achieving  liftoff 
signal  suppression.  However,  its  size,  which  is  approximately 
double  that  of  a  single  probe,  will  prohibit  its  use  in  some 
tight  turbine  engine  geometries. 

2. 1.4. 3  Active  FMR  Probe  Design  with  Fewer  Electronic 
Components  and  Without  Magnetic  Pole  Pieces 

The  active  FMR  probe,  shown  in  Figure  15,  was  designed  and 
fabricated  to  evaluate  factors  involved  in  probe  miniaturiza¬ 
tion.  Ideally  we  would  like  to  operate  a  single  active  FMR  probe 
constructed  with  electronic  chip  components  and  a  DC  magnetic 
field  source  consisting  of  a  single  miniature  samarium  cobalt 
permanent  magnet  without  bulky  pole  pieces.  A  miniaturized 
configuration  could  solve  flaw  detection  problems  practically 
independent  of  geometrical  restrictions.  The  probe  in  Figure  15 
was  fabricated  with  chip  components,  except  for  the  inductor's 
and  tuning  capacitor,  which  would  be  replaced  with  a  chip  once 
an  optimum  value  was  determined.  Space  was  provided  for  a  single 
6.25  mm  permanent  magnet  with  room  to  reposition  it  to  produce 
various  field  directions  and  magnitudes. 

The  data,  shown  in  Figure  15,  illustrates  the  flaw  re¬ 
sponses  at  various  liftoff  settings  with  the  liftoff  response, 
shown  below,  plotted  from  0.25  mm  on  the  left  to  zero  liftoff  on 
the  right.  The  flaw  responses  are  from  the  Ti  6-4  disk  shimmed 
for  0.025  mm  liftoff  fluxuation  per  revolution.  We  can  see  that 
even  though  the  flaw  responses  are  strong  at  the  lower  liftoff 
settings,  the  curvature  of  the  liftoff  locus  will  prohibit 
adequate  liftoff  suppression  in  the  mixed  data  without  the  use 
of  nonlinear  mixing  techniques.  When  we  compare  these  data  to 
those  from  a  previous  probe  design  with  pole  pieces  (see  Figure 
8)  and  take  into  account  the  fact  that  both  probes  are  electron¬ 
ically  equivalent  by  design,  it  is  evident  that  the  difference 
in  their  liftoff  responses  is  primarily  a  result  of  their 
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differing  DC  magnetic  field  configurations.  As  discussed  ear¬ 
lier  in  this  report,  it  is  theoretically  possible  to  modify  the 
oscillator  circuitry  in  such  a  way  as  to  provide  the  desired  flaw 
and  liftoff  responses  for  a  wide  range  of  DC  magnetic  field 
configurations.  We  feel  that  an  analytical  approach  exists  for 
determining  the  optimum  circuit  design  for  flaw/liftoff  separa¬ 
tion. 


With  liftoff  suppression  as  a  primary  concern,  it  should  be 
noted  that  for  certain  applications  it  may  be  possible  to  aero- 
mechanically  stabilize  liftoff  with  an  air  bearing  like  that 
currently  being  studied  at  Southwest  Research  Institute  of  San 
Antonio,  Texas.  This  would  allow  the  use  of  the  FMR-MEC  method 
in  an  extremely  sensitive  and  mechanically  simple  configura¬ 
tion. 


2.1. 4. 4  Improved  Buffer  Design  from  CAD  Program 

As  it  applies  to  the  FMR-MEC  method,  a  good  buffer  design 
provides  isolation  from  the  double-balanced  mixer  and  does  not 
distort  the  data.  With  these  characteristics  in  mind,  the  buffer 
circuit  shown  in  Figure  16  was  designed,  fabricated  and  evalu¬ 
ated.  The  circuit  configuration  with  initial  values  was  entered 
into  the  CAD  program  with  the  design  goals  of  an  input  VSWR  <1.05 
and  a  gain  of  0  dB  from  600  to  1100  Mhz.  The  CAD  program  then 
adjusted  the  circuit  values  to  obtain  the  design  goals.  We 
fabricated  the  circuit  using  realizable  circuit  values  as  close 
to  the  optimized  values  as  possible.  The  circuit  was  then  tested 
for  input  VSWR,  which  measured  less  than  1.06,  and  gain,  which 
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Figure  16.  Improved  Buffer  Design. 


measured  a  constant  -2  dB  across  the  600  to  1100  MHz  band.  Even 
though  there  is  a  discrepancy  in  the  absolute  gain  of  the  buffer 
from  the  design  goal  of  0  dB,  we  feel  that  the  design  is  a  success 
for  our  application,  since  the  gain  is  independent  of  frequency. 

2.1.5  Constraint  Analysis  Related  to  Jet  Engine  Interstage 


Seal  Key  Slot  Inspection 


The  jet  engine  interstage  seal  component,  shown  in  Figure 
17,  was  sent  to  Battelle  by  the  Air  Force  Contract  Monitor.  The 
region  of  interest  is  the  key  slot  which  serves  to  transfer  the 
rotational  forces  of  the  turbine  to  the  component.  We  have 
chosen  the  inside  radius  corner  of  the  key  slot  for  inspection 
with  our  complex  geometry  probe.  This  geometry  selection  was 
based  on  the  difficulty  of  getting  a  probe  into  the  key  slot  and 
performing  a  scan  of  the  total  corner  area.  We  also  feel  that 
development  of  such  a  probe  will  generate  the  technology  neces¬ 
sary  to  fabricate  probes  for  other  geometries  such  as  the  3  mm 
diameter  cooling  holes. 

A  detailed  geometry  of  the  key  slot  region  is  shown  in 
Figure  18.  As  illustrated,  the  radius  of  the  key  slot  corner  is 
1.8  mm.  In  order  to  scan  this  geometry,  the  probe  must  be  less 
than  3  mm  in  diameter.  The  cross  section  view  of  the  key  slot 
region  also  illustrates  the  geometrical  restrictions  on  the 
probe  on  either  side  of  the  key  slot.  We  have  selected  the 


Figure  17.  Jet  Engine  Interstage  Seal  Component. 
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Figure  18.  Key  Slot  Region  Detailed  Geometry. 


approach  of  entering  our  probe  from  the  right  side  of  the  cross 
section  view.  This  approach  provides  the  least  geometrical 
restrictions  on  the  size  of  the  MEC  signal  processor,  which 
connects  directly  to  the  inspection  probe.  In  terms  of  active 
FMR  probe  design,  this  geometrical  restriction  impacts  two  as¬ 
pects  of  the  design:  1)  the  probe  oscillator  circuit  design  and 
fabrication,  and  2)  the  DC  magnetic  field  source,  or  permanent 
magnet,  design,  and  fabrication. 


2.1.6  Analysis  and  Development  of  Methods  to  Geometrically 
Shape  the  Active  FMR  Probe 


2. 1.6.1  Operational  Input  Resonant  Condition  Analysis 
of  Active  FMR  Probe 


In  order  to  relate  the  effects  of  reshaping  the  geometry  of 
the  active  FMR  probe  to  its  performance,  we  performed  an  in-depth 
experimental  analysis  of  its  operational  input  resonating  con¬ 
ditions.  To  accomplish  this,  we  utilized  an  oscillator  circuit 
with  an  AC  model  as  shown  in  Figure  19.  This  model  is  typical 
of  our  most  sensitive  probe  oscillator  designs.  By  connecting 
various  series  RC  or  RL  chip  or  wire  component  combinations 
between  the  oscillator  transistor  emitter  and  ground  and  mea¬ 
suring  the  resultant  oscillator  frequency,  we  were  able  to 
generate  a  plot  of  the  oscillator's  operational  frequency  as  a 
function  of  its  input  circuit.  As  shown  in  Figure  20,  the  input 
circuit  is  characterized  in  terms  of  its  reflection  coefficient 
(Ifc)  on  a  50  ohm  Smith  chart.  Also  plotted  is  a  hypothetical  FMR 
probe  reflection  coefficient.  All  frequencies  on  these  plots 
are  in  megahertz .  If  an  actual  FMR  probe  having  a  rR  plot  as  shown 
in  the  figure  were  connected  to  the  emitter  of  the  oscillator 
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used  in  this  analysis,  the  resultant  active  FMR  probe  would 
resonate  at  870  MHz.  As  we  can  see  in  Figure  20,  the  FMR  probe 
satisfies  the  operational  input  resonant  condition  of  the  os¬ 
cillator  at  870  MHz  and  nowhere  else  in  this  example.  This  is 
primarily  due  to  the  high  Q  of  the  FMR  probe,  which  provides  only 
about  10  MHz  of  Tr  locus  in  the  region  on  the  chart  where 
oscillator  input  resonance  can  occur.  In  this  example  of  input 
resonance,  the  FMR  probe  locus  is  tangent  to  the  constant 
frequency  Tr  locus  for  870  MHz.  Input  resonance  and  thus 
oscillation  would  also  occur  if  the  magnetic  flux  density  at  the 
FMR  probe  were  increased  to  cause  the  Tr  locus  of  the  probe  to 
be  located  at  970  MHz  where  it  crosses  the  970  MHz  constant 
frequency  curve.  We  feel  that  the  angle  at  which  the  FMR  probe 
TrIocus  intersects  the  constant  frequency  curve  at  the  point  of 
resonance  primarily  determines  the  active  FMR  probe's  sensi¬ 
tivity.  This  concept  is  very  difficult  to  evaluate  experi¬ 
mentally  at  these  frequencies,  since  it  is  impossible  to  analyze 
sections  of  an  active  probe,  such  as  the  FMR  probe,  without 
disturbing  them  electrically. 

The  active  FMR  probe's  input  resonant  condition  and  thus 
sensitivity  can  be  adjusted  by  either  manipulating  the  FMR  probe 
and  its  DC  magnetic  field  or  changing  the  input  resonant  condi¬ 
tions  of  the  oscillator  with  its  circuit  components.  By  far  the 
most  sensitive  adjustments  occur  in  the  YIG/dc  magnetic  field 
arrangement  in  terms  of  the  field  strength,  direction,  and 
uniformity.  As  geometrical  restrictions  are  put  on  a  probe 
design,  these  become  the  only  practical  adjustments  available 
during  probe  fabrication.  However,  with  these  restrictions  the 
field  strength  and  uniformity  become  very  critical  due  to  the 
relatively  high  flux  density  gradients  associated  with  small 
permanent  magnets.  Also  of  primary  concern  is  the  fact  that  high 
flux  density  gradients  reduce  the  FMR  probe  Q.  On  the  Smith 
chart  this  would  be  observed  as  a  reduction  in  the  size  of  the 
loop  formed  by  the  FMR  probe  r  locus  at  ferromagnetic  resonance. 
As  the  Q  approaches  zero,  the  resonance  loop  would  approach  a 
point  near  the  perimeter  of  the  chart  and  the  rR  plot  of  the  FMR 
probe  would  merely  be  that  of  its  coupling  loop  inductance. 
Therefore,  we  can  see  that  maintaining  an  adequate  FMR  probe  Q 
is  critical  to  active  probe  operation.  We  have  investigated 
techniques  which  will  effectively  keep  the  FMR  probe  Tr  locus  in 
the  operational  input  resonant  Tr  region  for  lower  FMR  probe  Q 
conditions  that  are  inherent  to  small  diameter  probe  designs 
such  as  the  key  slot  corner  inspection  probe. 


2. 1.6. 2  Transmission  Line  Techniques  Applied  to  Active 


FMR  Probe  Miniaturization 


We  have  utilized  a  computer-aided-design  (CAD)  program 
along  with  the  equivalent  circuit  model  of  the  FMR  probe  to 
investigate  techniques  for  achieving  active  FMR  probe  operation 
in  geometrically  restricted  designs.  The  most  detrimental 
effect  of  probe  miniaturization  on  probe  performance  is  the  loss 
of  FMR  probe  Q.  This  effect  occurs  when  the  probe's  DC  magnetic 
source#  or  permanent  magnet ,  is  also  miniaturized.  A  reflection 
coefficient  locus  of  an  FMR  probe  is  shown  in  Figure  21.  This 
plot  was  CAD  generated  at  frequencies  from  300  to  1300  MHz.  The 
FMR  probe  has  a  Q  of  approximately  155  and  a  coupling  loop 
inductance  of  7  nh,  which  includes  4  nh  for  leads.  For  this 
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Figure  21.  CAD  Generated  Reflection  Coefficient  Locus  of  an 
FMR  Probe. 


configuration,  the  probe's  reflection  coefficient  locus  scarce¬ 
ly  moves  into  the  lower  half  of  the  chart,  where  most  of  the 
desired  input  resonant  conditions  exist. 

A  technique  designed  to  physically  extend  the  FMR  probe 
away  from  the  oscillator  circuitry  while  increasing  its  apparent 
Q  is  shown  in  Figure  22.  In  this  configuration  each  transmission 
line  (TRL)  is  12.5  mm  of  50  ohm  stripline  on  1.5  mm  thick  phenolic 
substrate  and  the  capacitors  are  each  10  pf.  For  the  FMR  probe 
the  Q  is  the  same  as  in  Figure  21  but  the  loop  inductance  was 
reduced  to  3  nh,  assuming  that  the  loop  would  be  connected 
directly  to  the  stripline  and  ground  plane,  reducing  the  re¬ 
quirement  for  leads.  As  we  can  see,  the  Q  has  apparently 
increased  and  more  of  the  FMR  probe's  reflection  coefficient 
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Figure  22.  FMR  Probe  Extension  Technique  on  Phenolic  Substrate. 


locus  is  located  in  the  lower  half  of  the  chart.  Note  that  the 
plot  starts  at  300  MHz  along  the  bottom  perimeter  of  the  chart 
and  ends  at  1300  MHz  just  into  the  bottom  right  section  of  the 
|  chart.  Conceivably,  there  are  three  regions  in  the  reflection 

coefficient  locus  that  could  satisfy  the  input  resonant  condi¬ 
tion  of  the  oscillator.  The  effect  of  this  occurring  is  a  highly 
distorted  oscillator  output.  To  insure  that  it  does  not  happen, 
care  must  be  taken  in  the  design  to  make  sure  that  only  the  loop- 
|  shaped  locus  of  the  FMR  probe's  reflection  coefficient  at 

I  ferromagnetic  resonance  is  at  frequencies  coinciding  with  the 

operational  frequency  range  of  the  oscillator  circuit.  This 
extension  technique  has  been  successfully  implemented  on  one  of 
our  latest  oscillator  circuits.  However,  we  did  experience 
difficulties  in  eliminating  secondary  oscillations  at  approxi- 
,  mately  1300  MHz. 

i 

Another  transmission  line  extension  configuration  is  shown 
in  Figure  23.  It  consists  of  TRLl ,  which  is  2.5  mm  of  50  ohm 
stripline,  and  TRL2,  which  is  2.5  mm  of  20  ohm  stripline.  The 
substrate  is  0.63  mm  alumina.  Note  that  this  arrangement  does 
not  have  unwanted  sections  of  its  reflection  coefficient  in  the 
lower  half  of  the  chart.  The  thin  alumina  substrate  is  well 
suited  for  miniaturization  of  stripline  circuitry.  For  example, 
in  most  of  our  experimental  work  we  use  1.5  mm  thick  phenolic 
board,  which  requires  a  3  mm  wide  stripline  for  a  50  ohm 
characteristic  impedance.  A  stripline  width  of  only  0.5  mm  is 
required  on  0.63  mm  alumina  for  a  characteristic  impedance  of  50 
ohm.  We  implemented  this  technique  with  particular  success  in 
a  low  Q  small  permanent  magnet  design  that  will  be  discussed 
later  in  this  report. 

2.2  DEVELOPMENT  OF  A  BREADBOARD  FLAW  DETECTION  SYSTEM  (TASK  II) 
2.2.1  Development  of  Small  Radius  Active  FMR  Probes 


2. 2. 1.1  Coax  Type  Probe  Design 

Since  our  active  probe  designs  utilize  transmission  line 
impedance  matching  in  their  oscillator  output  circuits,  we 
investigated  the  use  of  coax  sections  in  the  probe  fabrication. 
Our  approach  consisted  of  replacing  the  50  ohm  stripline  match¬ 
ing  section  seen  in  previous  probe  designs  with  an  electrically 
equivalent  section  of  2.13  mm  diameter  50  ohm  rigid  coax. 
Utilizing  the  network  analyzer,  we  found  that  a  length  of  21.3 
mm  of  the  rigid  coax  was  equivalent  to  the  18.8  mm  of  stripline 
that  was  in  our  existing  probes.  With  this  information,  we 
fabricated  and  tested  our  first  coax  type  probe  shown  in  Figure 
24.  Also  shown  are  data  taken  with  the  probe  on  our  Ti  6-4  disk 
specimen.  For  this  test,  a  6.25  mm  cube  SmCo  magnet  (not  shown) 
was  used  for  the  DC  magnetic  source.  The  data  were  taken  with 
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Figure  23.  FMR  Probe  Extension  Technique  on  Alumina  Substrate 


the  FMR  probe  potted  to  a  4  mm  length  of  rigid  coax,  which  was 
the  electrical  connection  between  the  FMR  probe  and  oscillator 
transistor.  This  probe  performed  well,  considering  that  the  YIG 
was  potted  into  the  coupling  loop  prior  to  taking  data,  which  did 
not  allow  for  any  adjustments  to  enhance  sensitivity. 

In  the  process  of  further  miniaturizing  the  coax  type  probe 
design,  we  modified  its  design,  including  changing  to  a  smaller 
oscillator  transistor.  As  shown  in  Figure  25,  we  also  cleaned 
up  its  profile  by  putting  the  DC  power  for  the  oscillator  on  the 
coax  center  conductor,  which  also  carries  the  RF  power  out  of  the 
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Figure  24.  First  Coax  Type  Probe. 
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Figure  25.  Second  Coax  Type  Probe. 


The  schematic  for  this  probe,  shown  in  Figure  26,  illu¬ 
strates  how  the  oscillator  circuit  was  biased  and  decoupled 
using  chip  resistors  and  capacitors.  This  probe  design  demon¬ 
strated  good  oscillation  characteristics  but  required  further 
miniaturization,  which  we  decided  not  to  pursue,  to  be  usable  as 
a  key  slot  probe. 

2.2.1. 2  Alumina  Substrate  Probe  Design 

Alumina  substrate  is  frequently  used  in  the  fabrication  of 
hybrid  microwave  circuit  boards.  This  is  primarily  due  to  the 
alumina  material's  high  dielectric  constant  which  is  in  the 
order  of  ten.  This  relatively  high  dielectric  constant  helps 
reduce  the  dimensions  of  the  circuit  boards  since  the  wavelength 


Figure  26.  Schematic  of  Second  Coax  Type  Probe. 


on  the  board  is  inversely  proportional  to  the  square  root  of  the 
dielectric  constant.  Stripline  widths  are  further  reduced  by 
reducing  the  thickness  of  the  substrate. 

We  utilized  0.63  mm  thick  alumina  sheets  which  we  had  copper 
coated.  A  50  ohm  stripline  on  this  arrangement  is  0.5  mmm  wide. 
The  conceptual  design  of  a  probe  for  inspecting  in  a  3.5  mm 
diameter  goemetry  is  shown  in  Figure  27.  This  arrangement,  which 
we  utilized  for  the  key  slot  inspection,  is  based  on  a  cylin¬ 
drical  SmCo  permanent  magnet,  a  1.8  mm  diameter  miniature 
transistor  package,  and  the  0.63  mm  thick  alumina  substrate 
circuit  board  with  chip  resistor  and  capacitor  components.  As 
illustrated,  this  hybrid  circuit  fits  into  a  3  mm  cylindrical 
volume,  which  makes  this  key  slot  inspection  probe  design  a 
possible  solution  for  inspection  of  3  mm  cooling  holes  as  well. 
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Figure  27.  Conceptual  Design  of  Key  Slot  Probe  Based  on 
Alumina  Substrate  Circuit  Board. 
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Figure  28.  Schematic  of  Alumina  Substrate  Probe. 


Before  fabricating  a  probe  on  alumina  substrate,  we  fabri¬ 
cated  and  tested  on  phenolic  board  the  new  oscillator  design, 
shown  in  Figure  28.  This  design  is  based  on  the  smallest 
stripline  package  transistor  we  could  find.  We  have  found  that 
each  transistor  type  used  in  the  probe  oscillator  requires  its 
own  unique  DC  biasing  and  RF  matching  circuit  values.  For 
example,  the  base  inductor  (Lg>  from  transistor  to  transistor 
ranges  from  2  nh  to  as  high  as  16  nh.  In  terms  of  physical 
dimensions,  these  values  of  inductance  correspond  to  wire 
lengths  of  2.5  to  15  mm,  respectively,  which  must  be  considered 
during  probe  layout.  Note  that  the  transmission  line  which 
connects  the  transistor  emitter  to  the  FMR  probe  is  similar  to 
a  design  discussed  in  Section  2. 1.6. 2  of  this  report  under 
transmission  line  techniques.  As  previously  discussed,  its 
purpose  is  to  increase  the  apparent  Q  of  the  FMR  probe  in 
applications  where  small  permanent  magnet  geometries  are  re¬ 
quired. 

With  the  circuit  elements  established  for  good  oscillation 
characteristics  on  the  phenolic  board  with  a  7.8  mm  diameter 
cylindrical  SmCo  magnet  as  the  DC  magnetic  source,  we  fabricated 
the  alumina  substrate  active  FMR  probe  shown  in  Figure  29.  Also 
shown  in  this  figure  is  a  2.8  mm  diameter  cylindrical  SmCo 
magnet.  A  detailed  component  layout  of  this  probe  is  shown  in 
Figure  30.  We  positioned  a  YIG  sphere  in  the  FMR  probe  loop  and 
achieved  good  oscillation  characteristics  in  the  700  to  900  MHz 
frequency  range.  We  have  found  that  once  good  oscillation 
characteristics  have  been  obtained  that  achieving  the  desired 
flaw  sensitivity  becomes  a  function  of  the  FMR  probe/DC  magnetic 
field  orientation.  Further  evaluation  of  this  design  is  dis¬ 
cussed  later  in  this  report  in  the  rotary  probe  section. 
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Figure  29.  Alumina  Substrate  Active  FMR  Probe. 


2.2.2  Development  of  Techniques  to  Simplify  the  Fabrication 
Process  of  the  Active  FMR  Probe 


2. 2. 2.1  Enhanced  FMR  Probe  Optimization  Technique 

The  most  critical  and  most  time  consuming  effort  in  the 
fabrication  of  an  active  FMR  probe  is  the  orientation  process  of 
the  YIG  sphere  in  the  DC  magnetic  field  during  optimization  of 
probe  performance.  This  is  due  to  the  complexity  of  the  YIG 
material  magneto-crystalline  anisotropy.  In  order  to  provide  a 
highly  flexible,  as  well  as  controllable,  method  of  optimizing 
probe  performance  during  fabrication,  we  developed  the  FMR  probe 
optimization  technique  shown  in  Figure  31.  In  this  arrangement, 
the  FMR  probe  coupling  loop  and  oscillator  circuit  are  held  in 
a  fixed  position  while  the  YIG  sphere  can  be  rotated  and  tilted 
to  obtain  maximum  sensitivity.  The  DC  magnetic  field  can  also 
be  adjusted  in  terms  of  its  strength  by  adjusting  the  distance 
between  the  permanent  magnet  and  the  FMR  probe.  While  the 
adjustments  are  being  made,  we  can  observe  their  effects  on  the 
active  probe's  performance  as  an  EDM  notch  is  being  scanned  back 
and  forth  under  the  FMR  probe.  The  mechanical  YIG  and  magnetic 
field  manipulator  designed  and  fabricated  for  this  technique  are 
shown  in  Figure  32.  The  YIG  sphere  is  mounted  on  an  alumina  rod 
and  located  in  the  position  shown  in  the  figure.  The  cylindrical 
SmCo  magnets  fit  into  the  magnet  adjustment  tube  at  the  point 
indicated.  This  device  provides  the  necessary  adjustment  ranges 
to  locate  the  optimum  FMR  probe/DC  magnetic  field  orientation. 


2.75  mm  WIDE  ■  TRANSMISSION 
ALUMINA  SUBSTRATE  I  LINE 


Transistor/Str ipl ine  Side 


CHIP 

COMPONENTS 


J/ 


jt 


FMR  PROBE 
LOOP 


2.75  mm 
DIAMETER 
MAGNET 


V 


DC  MAGNETIC 
FIELD 


Figure  31.  FMR  Probe  Optimization  Technique. 


Figure  32.  FMR  Probe  YIG  and  Magnetic  Field  Manipulator. 


2. 2. 2. 2  Active  FMR  Probe  with  Ferromagnetic  Resonator 
in  the  Base  Circuit 

We  evaluated  the  possibility  of  significantly  changing  the 
active  FMR  probe's  oscillator  design  so  that  it  would  operate 
with  a  wider  range  of  resonator  reflection  coefficient  condi¬ 
tions.  We  initially  evaluated  the  approach  on  our  microwave 
circuits  CAD  program.  The  approach  puts  the  FMR  probe  in  the 
base  of  the  oscillator  transistor  and  resonates  the  emitter  with 
a  series  RC  network.  Our  normal  design  has  an  inductor  in  the 
base  and  resonates  the  emitter  with  the  FMR  probe.  The  CAD 
analysis  we  performed  indicated  that  the  oscillator  should 
respond  strongly  to  changes  in  FMR  probe  resonant  frequency  and 
Q.  Also,  it  appeared  that  it  would  be  fairly  easy  to  set  the  RC 
network  in  the  emitter  to  resonate  the  circuit  over  a  wide  range 
of  FMR  probe  reflection  coefficients.  This  technique  would 
electronically  tune  the  oscillator  circuit  to  fit  the  FMR  probe 
characteristics  rather  than  mechanically  adjust  the  FMR  probe  to 
fit  the  oscillator  input  resonant  characteristics.  We  performed 
an  experimental  evaluation  on  the  active  FMR  probe  design  shown 
in  Figure  33.  The  circuit  proved  to  be  very  difficult  to  tune 
up  for  FMR  operation.  Our  CAD  program  had  predicted  that  the  RC 
network  in  the  emitter  would  resonate  the  circuit;  however,  it 
did  not  indicate  that  the  circuit  will  oscillate  at  much  less 
than  ideal  conditions,  due  to  the  nonlinear  large  signal  charac¬ 
teristics  of  the  transistor.  Thus  the  difficulty  with  this 
circuit  is  tuning  it  so  that  it  oscillates  only  when  the  FMR 
probe  is  resonating.  This  was  accomplished  with  RE  =  10  ohms  and 
CE  =  10  pf.  As  predicted  by  the  CAD  program,  this  circuit  will 
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Figure  33.  Schematic  of  Active  Probe  with  FMR  Probe  in  the 
Base  Circuit. 


operate  with  a  longer  FMR  probe  loop  lead  and  with  less  resonator 
Q,  which  are  desirable  characteristics  for  a  physically  small 
probe  configuration.  However ,  the  probe's  flaw  sensitivity  was 
significantly  less  than  that  of  our  previous  probe  designs.  We 
believe  this  is  primarily  due  to  this  circuit's  high  instabil¬ 
ity,  which  tends  to  constantly  pull  the  oscillator  frequency  and 

reduce  the  effects  of  the  FMR  probe. 

✓ 

2.2.3  Development  of  Rotary  Probe  Inspection  System 

2. 2. 3.1  Rotary  Probe  Concept 

The  conceptual  design  of  the  rotary  probe  is  shown  in  Figure 
34.  This  concept  is  designed  to  permit  active  FMR  probe  rotation 
for  scanning  the  key  slot  corner  geometry.  It  can  also  be 
applied  to  bolt  hole  geometries  as  well  as  flat  surface  geome¬ 
tries.  We  included  the  design  of  an  interchangeable  flat  surface 
scanning  probe.  We  feel  that  demonstrating  the  concept  of 
interchangeable  active  FMR  probes  is  very  important  in  estab¬ 
lishing  this  test  method's  practical  application  in  NDT.  For 
either  the  small  radius  or  the  flat  surface  configurations,  the 
active  FMR  probe  is  located  entirely  in  the  interchangeable 
probe  attachments.  When  attached,  the  active  probe  RF  output  is 
transferred  through  an  RF  connector  to  the  signal  processor 
located  in  the  rotating  section  of  the  rotary  probe  assembly. 
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Figure  34.  Rotary  Probe  Conceptual  Design. 


The  small  radius  probe  is  designed  for  non-contact  scanning 
of  the  key  slot  corner.  The  flat  surface  probe  is  designed  for 
contact  on  the  test  material  surface  with  the  nonrotating  refer¬ 
ence  surface  of  the  probe  attachment  while  the  rotating  active 
FMR  probe  is  recessed  for  a  noncontact  circular  scan. 


2. 2. 3. 2  Rotary  Probe  Signal  Processor  Concept 


As  shown  in  Figure  35,  the  signal  processor  converts  the  800 
MHz  RF  output  of  the  active  FMR  probe  to  voltage  levels  corre¬ 
sponding  to  the  amplitude  and  frequency  of  the  probe  output. 
These  signals  are  transferred  through  a  slip  ring  assembly  to  the 
stationary  section  of  the  signal  processor  assembly.  For  an 
industrial  application,  we  would  recommend  the  slip  rings  be 
replaced  with  a  rotary  transformer  for  increased  reliability. 
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Figure  35.  Rotary  Probe  Signal  Processor  Block  Diagram. 


The  signal  processor  first  converts  the  probe  output  signal 
frequency  from  800  MHz  to  approximately  50  MHz  while  maintaining 
the  relative  amplitude  and  frequency  information  in  the  probe 
output.  The  amplitude  and  frequency  detection  circuitry  is  much 
simpler  at  the  lower  frequency.  The  frequency  conversion  is 
accomplished  by  mixing  the  probe  output  RF  with  a  local  oscil¬ 
lator  RF  signal  set  so  that  its  frequency  is  approximately  50  MHz 
different  than  that  of  the  probe.  This  produces  a  signal  out  of 
the  mixer  containing  the  sum  and  difference  frequencies,  1650 
MHz  and  50  MHz,  respectively.  The  sum  frequency  is  rejected  and 
the  50  MHz  signal  is  passed  onto  the  amplitude  and  frequency 
detectors  for  conversion  to  DC  voltage  levels  corresponding  to 
the  relative  amplitude  and  frequency  of  the  probe  output  signal. 
The  detectors  are  specifically  designed  to  operate  in  a  fre¬ 
quency  range  about  the  difference  frequency.  Automatic  fre¬ 
quency  control  (AFC)  is  utilized  in  the  signal  processor  to  hold 
the  difference  frequency  at  approximately  50  MHz.  However,  the 


Rotary 


AFC  circuit  time  constant  is  sufficiently  long  to  allow  fre¬ 
quency  changes  to  be  observed  on  the  frequency  detector  output. 
This  feature  is  required  in  the  rotary  probe  signal  processor 
since  we  intend  it  to  interface  with  differenct  styles  of  active 
probes  which  are  likely  to  have  significantly  different  output 
frequencies,  possibly  exceeding  100  MHz. 

2. 2. 3. 3  Description  of  Finished  Rotary  Probe 

The  rotary  probe  which  we  used  in  the  project  final  demon¬ 
stration  (Task  III)  is  shown  in  Figure  36  with  the  interchange¬ 
able  flat  surface  and  small  radius  attachments.  This  design  is 
based  on  the  concept  described  earlier  in  this  section.  All 
machined  components,  except  the  ball  bearings,  are  either  alum¬ 
inum  or  brass  to  minimize  effects  on  the  FMR  probe  DC  magnetic 
field.  Figure  37  shows  the  rotary  probe  disassembled  to  illu¬ 
strate  the  major  components.  Not  identified  in  this  figure  are 
the  ball  bearings  of  which  there  are  two  each  located  inside  the 
small  radius  active  probe  assembly  and  two  each  located  on  either 
end  of  the  signal  processor  boards. 

The  major  components  that  go  into  the  small  radius  probe 
attachment  are  shown  in  Figure  38.  The  active  FMR  probe  consists 
of  the  alumina  circuit  board  with  the  FMR  probe  wire  loop,  the 
YIG  sphere,  the  permanent  magnet  and  the  RF  connector.  We  used 
a  0.3  mm  diameter  YIG  sphere  in  this  probe.  The  outside  diameter 
of  the  stainless  steel  tube  is  3.3  mm. 
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Figure  36.  Rotary  Probe  with  Interchangeable  Attachments. 
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Figure  37.  Disassembled  Rotary  Probe. 


Figure  38.  Small  Radius  Probe  Components. 


Key  Slot  Inspection 


The  rotary  probe  is  shown  in  the  key  slot  inspection  fixture 
in  Figure  40.  The  small  radius  active  FMR  probe  is  positioned 
into  the  key  slot  corner  with  precision  slides.  Rotational  drive 
is  provided  by  a  stepper  motor  driven  flexible  cable.  The 
rotational  speed  of  the  probe  is  approximately  1.5  revolutions 
per  second.  Data  taken  with  this  arrangement  are  shown  in  Figure 
41.  The  top  trace  in  each  of  these  data  examples  is  the 
demodulated  amplitude  signal  out  of  the  rotary  probe  and  the 
bottom  trace  is  the  amplitude  signal  bandpass  filtered  at  12-20 
Hz.  The  data  in  the  upper  example  are  simply  the  liftoff 
response  of  the  probe  to  an  unflawed  key  slot  corner.  The  lower- 
left  example  data  are  the  probe  response  to  a  0.25  mm  x  0.13  mm 
EDM  notch  (RFC  target  flaw  size),  which  was  fabricated  in  the 
middle  of  the  key  slot  corner.  The  flaw  responses  shown  in  the 
lower-right  example  are  a  result  of  a  0 . 75  mm  x  0 . 13  mm  EDM  notch 
fabricated  at  the  tangent  point  of  key  slot  corner.  We  attempted 


to  detect  a  0. 25  mm  x  0. 13  mm  notch  fabricated  near  a  target  point 
with  success.  The  notch  was  fabricated  slightly  out  of  the  key 
slot  corner  and  away  from  the  tangent,  which  apparently  resulted 
in  excessive  liftoff  at  that  point  in  the  rotational  scan.  Note 
that  the  flaw  response  in  these  examples  is  of  equivalent  mag¬ 
nitude  to  the  liftoff  response  of  the  probe  going  from  air,  or 
infinite  liftoff,  to  inspection  liftoff,  which  is  in  the  order 
of  0.1  mm.  It  is  evident  from  these  data  that  the  extremely  high 
operating  frequency  of  the  FMR  probe  (800  MHz)  does  not  result 
in  unacceptable  liftoff  responses  even  to  worst  case  liftoff 
variations.  We  feel  this  is  in  part  due  to  the  extremely  small 
effective  eddy  current  field  diameter  (approximately  0.38  mm)  of 
this  probe. 

2. 2. 4. 2  Flat  Surface  Inspection 

The  rotary  probe  configured  with  the  flat  surface  active 
FMR  probe  is  shown  in  use  in  Figure  42.  This  figure  illustrates 
the  manual  examination  of  a  flat  surface  flaw  specimen  with  the 
stationary  probe  housing  in  contact  with  the  specimen  surface. 
The  rotating  active  FMR  probe  (refer  to  Figure  34  for  flat 
surface  probe  concept)  is  recessed  for  a  liftoff  of  approxi¬ 
mately  0.1  mm. 
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Figure  42.  Flat  Surface  Rotary  Probe  Operation. 


Data  taken  with  the  flaw  surface  probe  are  shown  in  Figure 
43.  These  data  were  developed  by  bandpass  filtering  the  flaw 
response  in  the  amplitude  signal  out  of  the  rotary  probe.  The 
resultant  flaw  data  illustrate  excellent  signal-to-noise  re¬ 
sponses  to  both  the  RFC  target  flaw  size  and  a  tight  fatigue 
crack  in  Ti  6-2- 4-6  material. 
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Figure  43.  Flat  Surface  Probe  Data. 


3.0  THEORETICAL  ANALYSIS  AND  MODELLING 


(Stanford  University) 

3.1  BACKGROUND 

In  a  previous  contract  for  research  in  ferromagnetic  probes 
(September  1980  to  September  1982)  (3)  an  investigation  was 
carried  out  on  basic  design  principles  for  the  realization  of  a 
practical,  properly  engineered  device.  This  work  included  a 
study  of  both  single-  and  double-resonator  probes,  i.e.,  probes 
containing  either  one  or  two  ferromagnetic  resonance  spheres. 
It  was  found  that  use  of  a  double-resonator  probe  did  provide 
some  apparent  improvement  in  the  phase  separation  between  the 
flaw  and  liftoff  signals,  and  in  an  explicit  and  controlled 
manner.  However,  it  was  judged  during  the  initial  period  of  the 
present  contract  (September  1982  to  September  1984)  that  the 
improvement  was  not  sufficient  to  warrant  going  to  the  very 
significant  increase  in  size  and  complexity  of  the  double¬ 
resonator  probe. 

Earlier  work  at  Stanford  demonstrated  the  realizability  of 
good  phase  separation  in  a  single-resonator  probe  operating  in 
the  passive  mode,  i.e.,  an  externally  driven  probe  with  input 
impedance  readout.  During  the  first  year  of  development  under 
the  present  contract,  a  corresponding  degree  of  phase  separation 
was  achieved  with  an  active  probe,  i.e.,  a  self-excited  oscil¬ 
lator  probe  with  frequency  and  amplitude  readout.  In  this  case 
phase  separation  between  the  flaw  and  liftoff  singls  is  observed 
in  a  frequency-amplitude  plane  display.  The  main  thrust  of  the 
theoretical  analysis  and  modeling  activity  under  the  present 
contract  has  been  to  provide  scientific  and  technological  infor¬ 
mation  and  guidance  relating  to  the  physical  phenomena  important 
in  ferromagnetic  probe  design.  This  involved  consideration  of 
the  following  factors  and  a  balancing  of  their  effects  to  achieve 
optimum  detection  sensitivity: 

•  Amplitude-frequency  liftoff  discrimination. 

Dependence  of  the  flaw  signal  trajectory  in  the  im¬ 
pedance  (or  amplitude-frequency)  plane  upon  magnetic 
bias  field  configuration  and  on  YIG  sphere  crystal 
orientation. 

Influence  of  spurious  magnetostatic  modes. 

Physics  and  technology  of  magnetic  crystal  aniso¬ 
tropy  . 

Limitations  imposed  by  spin  wave  instabilities. 


Differences  in  the  response  of  fatigue  cracks  and  EDM 
notches . 


•  Optimum  choice  of  probe  design  parameters. 

In  the  present  contract  these  topics  were  approached  not  for  the 
purpose  of  increasing  physical  understanding,  which  is  already 
rather  complete,  but  rather  for  the  purpose  of  incorporating 
this  knowledge  into  the  design  of  practical  probes. 

3.2  PRACTICAL  DESIGN  CONSIDERATIONS 


3.2.1  Flaw-Liftoff  Separation  in  the  Frequency-Amplitude  Plane 

At  the  beginning  of  development  under  the  present  contract, 
the  failure  to  observe  flaw-liftoff  separation  in  active  probes 
under  the  previous  contract  was  not  understood,  since  the  theory 
clearly  predicted  such  a  result.  The  difficulty  could  reside  in 
the  probe  itself,  in  the  transistor  itself,  or  in  a  combination 
of  both.  An  important  task  for  the  current  contract's  effort  was 
therefore  to  identify  the  probe-related  and  transistor-related 
factors  contributing  to  poor  liftoff  discrimination.  For  this 
reason,  it  was  planned  that  Battelle  test  their  probes  in  a 
passive  mode  with  their  new  instrumentation  before  assembling  in 
an  oscillator.  This  would  involve,  say,  measuring  the  liftoff 
AZ  and  the  flaw  AZ  for  some  easy-to-detect  flaws  like  sawcuts  in 
aluminum.  If  liftoff  discrimination  is  not  observed  in  the 
passive  probe,  it  cannot  occur  in  the  active  probe,  so  that  a 
properly  operating  probe  must  be  constructed  before  insertion  in 
the  oscillator.  Probe  experiments  were  concurrently  begun  at 
Stanford  to  provide  guidance  on  probe  adjustment  and,  if  neces¬ 
sary,  to  transfer  a  passive  probe  with  good  liftoff  discrimina¬ 
tion  to  Battelle  for  testing  in  an  oscillator  circuit.  This  part 
of  the  Stanford  activities  was  terminated  when  active  probe 
liftoff  discrimination  was  achieved  at  Battelle  during  the  first 
year  of  the  contract. 

3.2.2  Shape  of  the  Flaw  Signal  Trajectory 

In  earlier  research  performed  at  Stanford  on  passive 
probes,  it  was  observed  that  the  flaw  signal  trajectory  in  the 
impedance  plane  could  be  changed  from  a  line  to  a  tear-shaped 
loop  depending  on  the  orientation  of  the  DC  magnetic  field  and 
the  orientation  of  the  YIG  sphere.  Since  impedance  plane 
trajectories  for  a  passive  probe  translate  into  corresponding 
frequency-amplitude  plane  trajectories  for  an  active  probe, 
engineering  design  of  the  active  probe  requires  understanding  of 
this  effect. 


Experiments  have  been  performed  at  Stanford  for  this  pur¬ 
pose.  Clear  evidence  was  found  showing  that  the  differences  are 
caused  by  probe  asymmetry  due  to  the  DC  magnetic  field  orienta¬ 
tion  and  the  crystal  sample  orientation  with  respect  to  the  plane 
of  the  flaw,  as  first  postulated.  Consider  a  sample  with  the  Z 
axis  normal  to  the  surface  and  a  machined  slot  in  the  XZ  plane. 
The  probe  used  in  the  experiment  had  a  DC  field  at  an  oblique 
angle  to  the  surface  of  the  sample  and  was  scanned  along  the  Y 
direction.  Repeated  scans  were  made  with  the  oblique  DC  field 
rotated  by  various  angles  with  respect  to  the  plane  of  the  flaw 
(i.e.,  the  XZ  plane).  In  general,  tear-drop  signal  trajectories 
were  observed,  but  the  width  of  the  tear-drop  loop  varied  with 
the  angular  orientation  of  the  probe  relative  to  the  plane  of  the 
flaw  and  the  loop  closed  completely  for  one  particular  angular 
orientation.  It  is  interesting  to  note  that  this  did  not  occur 
when  the  tilted  DC  magnetic  field  of  the  probe  lay  parallel  to 
the  plane  of  the  flaw,  demonstrating  that  the  magneto-crystal- 
line  anisotropy  of  the  unoriented  YIG  sphere  was  also  contri¬ 
buting  to  the  probe  asymmetry.  This  is  a  subject  requiring 
further  investigation,  as  it  is  not  yet  clear  whether  an  open 
(i.e.,  tear-drop)  or  a  closed  flaw  signal  trajectory  is  more 
desirable  in  practice.  The  open  trajectory  is  more  like  the 
signal  obtained  from  a  standard  differential  probe  and  may  have 
similar  advantages.  In  any  case,  this  phenomenon  provides  a 
reason  for  carefully  orienting  the  YIG  spheres  used  in  probe 
fabrication. 

3.2.3  Influence  of  Spurious  Magnetostatic  Modes 

In  previous  research  at  Stanford, • 5 )  evidence  was  found 
that  excitation  of  the  ferromagnetic  resonator  in  a  combination 
of  the  uniform  precession  resonance  and  a  secondary  magneto¬ 
static  mode  resonance  appeared  to  enhance  phase  separation 
between  the  flaw  and  liftoff  signals.  This  evidence  concerning 
the  significance  of  operating  the  probe  simultaneously  in  two 
resonant  modes  was  supported  by  experiments  performed  at  Stan¬ 
ford  under  a  previous  contract  (September  1980  to  September 
1982),  and  described  in  the  Final  Report.^)  Experiments 
performed  at  Battelle  on  the  active  probe  confirmed,  during  the 
first  year  of  the  current  contract,  that  careful  orientation  of 
the  DC  magnetic  field  and  the  YIG  resonator  does  produce  good 
flaw-liftoff  separation  in  the  active  probe.  Although  the 
experimental  evidence  is  very  clear,  quantitative  characteri¬ 
zation  of  the  adjustment  procedure  (identification  of  the  sec¬ 
ondary  magnetostatic  modes  involved,  and  establishment  of  the 
scientific  principles  governing  the  adjustments)  remains  elu¬ 
sive.  To  resolve  this  question,  an  intensive  program  of  cor¬ 
related  theory  and  experiment  would  be  required.  Since  the  goal 
of  this  contract  is  to  fabricate  and  demonstrate  engineered 
ferromagnetic  resonance  probes,  it  was  judged  that  the  resources 


of  the  contract  would  be  better  dedicated  to  these  practical 
goals  than  to  generating  this  basic  scientific  understanding. 
Adjustment  of  a  probe  for  flaw-liftoff  separation  can  be 
achieved  empirically  and  this  is  sufficient  at  the  present  stage 
for  the  fabrication  of  probes.  In  the  future,  more  efficiency 
in  the  fabrication  process  may  require  a  deeper  understanding  of 
the  underlying  physics. 

3.2.4  Magnetic  Crystal  Anisotropy 

Orientation  of  the  YIG  crystal  sphere  in  the  probe  struc¬ 
ture  is  of  engineering  importance  for  the  reason  noted  under 
3.2.2  above,  as  well  as  to  provide:  1)  probes  with  reproducible 
characteristics  from  unit  to  unit,  2)  compensation  of  probe 
characteristics  against  variations  in  ambient  temperature,  and 
3)  choice  of  crystal  orientation  for  optimum  detection  sensi¬ 
tivity  (a  feature  noted  in  the  Battelle  experimental  program). 
The  standard  reference  on  the  effects  of  crystal  anisotropy  in 
cubic  crystals  (like  YIG)  is  "Microwave  Resonance  Relations  in 
Anisotropic  Single  Crystal  Ferrites, "(6)  from  which  Figure  44 


Figure  44.  Ferromagnetic  Resonance  in  Pure  YIG  as  a  Function 
of  the  Bias  Field  Angle  \|>  in  the  [110]  Plane  from 
the  [100]  Axis.  Vertical  and  horizontal  scales 
normalized  to  ] K^/M |  (after  Artman). 


has  been  excerpted.  This  shows  the  variation  of  resonant 
frequency  with  applied  magnetic  field  for  various  orientations 
of  the  field  relative  to  the  crystal  lattice.  The  implications 
of  field  orientation  on  probe  magnet  design  are  obvious  from 
these  curves,  where  4;=  0°,  90°,  and  54°44'  refer  to  cases  with 
the  field  along  the  [100],  [110],  and  [111]  directions,  respec¬ 
tively.  For  pure  YIG,  K^/M  =  80  oe.  Little  information  on  the 
anisotropy  field  2K^/M  is  available  for  the  gallium-doped  YIG 
spheres  used  in  our  probes.  A  recent  book.  Magnetic  Garnets,  (?) 
does,  however,  give  in  Chapter  3  an  overview  of  the  effects  of 
doping  on  magneto-crystalline  anisotropy.  From  this  it  appears 
that  gallium  doping  tends  to  reduce  the  anisotropy  field.  Other 
than  this,  all  that  can  be  done  simply  to  compare  the  anisotropy 
field  of  doped  YIG  with  the  known  value  for  pure  YIG  is  to  orient 
both  samples  along  their  easy  directions  in  the  same  DC  magnetic 
field  and  compare  their  resonant  frequencies.  It  is  known  that 
the  easy  direction  for  gallium-doped  YIG  is  the  same  as  for  pure 
YIG  (i.e.,  [111]).  When  the  magnetic  bias  field  is  applied  along 
this  direction,  the  magnitude  of  the  field  required  for  a 
particular  resonant  frequency  is  minimum.  This  choice  of  field 
orientation,  therefore,  minimizes  the  size  of  the  samarium 
cobalt  permanent  magnet  required  in  probe  construction,  an 
important  factor  in  the  case  of  bolt-hole  probes. 

In  YIG  filter  technology  ambient  temperature  compensation 
of  the  resonant  frequency  is  of  great  engineering  importance, 
and  extensive  work  has  been  done  on  choosing  the  crystal  orien¬ 
tation  for  this  purpose.  Unfortunately,  there  is  no  information 
in  recent  open  literature  giving  details.  For  pure  YIG  it  is 
known  that  temperature-compensated  bias  field  directions  lie 
along  a  cone  of  approximately  30°  about  the  [100]  axis.  No 
information  is  available  for  the  gallium-doped  YIG  used  in  our 
probes  and  the  choice  must  be  made  experimentally,  as  is  being 
done  at  Battel le  following  a  variant  of  the  procedures  used  in 
the  YIG  filter  industry  for  orienting  spheres. 

A  possible  explanation  of  the  observed  crystal  orientation 
dependence  of  probe  sensitivity  has  been  developed  from  the¬ 
oretical  work  reported  last  year.  The  conclusion  is  that  the 
flaw-liftoff  signal  ratio  for  a  YIG  probe  should  be  larger  for 
a  DC  magnetic  field  normal  to  the  test  piece  surface  than  it  is 
for  a  field  parallel  to  the  surface,  as  used  in  the  current 
Battelle  probes.  This  statement  is  based  on  a  model  of  the  YIG 
probe  as  an  RF  magnetic  dipole  rotating  about  the  DC  magnetic 
field  in  free  space.  When  the  probe  is  placed  over  a  conducting 
test  piece,  the  motion  of  the  dipole  is  perturbed  by  the  presence 
of  its  image  in  the  conductor,  so  that  the  rotating  dipole  is 
elliptically  (rather  than  circularly)  polarized.  An  analysis  of 
the  liftoff  effect  according  to  this  model  was  given  in  the  Final 
Report  of  a  previous  contract.^)  An  expression  for  the  first 


order  liftoff  signal  for  the  YIG  probe  was  given  by  Equation  (B- 
19)  in  the  previous  Final  Report.  This  is  the  signal  that 
defines  the  liftoff  axis  (or  I-channel  signal)  in  a  standard  eddy 
scope  presentation,  where  flaw  detection  is  performed  by  ob¬ 
serving  the  component  of  the  flaw  signal  orthogonal  to  the  I- 
channel  axis.  This  orthogonal  axis  on  the  eddy  scope  presenta¬ 
tion  is  defined  as  the  Q-channel  axis.  In  the  Final  Report  it 
was  shown  that  a  second  order  liftoff  signal  determines  the 
liftoff  noise  in  the  Q-channel  and  therefore  establishes  the 
flaw-liftoff  signal-to-noise  ratio  in  the  Q-channel.  The  im¬ 
portance  of  this  result  is  that  the  Q-channel  flaw  and  liftoff 
signals  both  have  the  same  frequency  dependence  for  large  a/  6, 
where  the  YIG  probe  operates,  so  that  the  YIG  probe  should 
theoretically  have  a  somewhat  better  signal-to-noise  ratio  than 
a  conventional  coil  operating  at  a/6  =  1. 

Although  it  was  not  found  to  analytically  evaluate  the 
second-order  liftoff  signal  for  the  YIG  probe,  conclusions  can 
be  drawn  from  the  form  of  the  liftoff  signal  equation  for  an 
arbitrarily  oriented  dipole  probe. (8)  This  showed  that  a 
vertical  dipole  has  two  times  the  liftoff  sensitivity  of  a 
horizontal  dipole,  for  both  first-  and  second-order  terms.  In 
the  same  publication,  it  was  shown  that  the  horizontal  dipole  has 
35%  more  flaw  detection  sensitivity  than  the  vertical  dipole,  so 
that  the  horizontal  dipole  is  theoretically  predicted  to  have  a 
flaw-liftoff  signal-to-noise  2.7  times  that  of  the  vertical 
dipole.  This  full  advantage  is  not  expected  to  appear  in  the  YIG 
probe,  where  [as  shown  in  Equation  (12)  of  the  Final  Report  of 
a  previous  contract^)]  a  crack-like  flaw  responds  to  only  one 
component  of  the  rotating  RF  dipole  moment.  However,  a  YIG  probe 
with  vertical  DC  bias  field  is  still  expected  to  have  an 
advantage  in  flat-liftoff  signal-to-noise  over  a  horizontally 
biased  probe.  It  should  be  noted  that  a  vertically  biased  YIG 
probe  can  only  function  if  the  RF  coupling  coil  is  tilted  with 
respect  to  the  test  piece  surface,  so  that  it  provides  an  RF 
field  component  perpendicular  to  the  DC  field,  or  if  a  half-loop 
coupler  is  used. 

One  of  the  important  goals  of  probe  design  is  to  choose  a 
YIG  sphere  crystal  orientation  that  optimizes  sensitivity.  It 
was  seen  above  that  the  sensitivity  depends  on  the  direction  of 
the  axis  about  which  the  YIG  dipole  moment  rotates.  This  dis¬ 
cussion  assumed  that  the  dipole  rotated  about  the  axis  of  the  DC 
magnetic  field,  i.e.,  magneto-crystalline  anisotropy  was  ne¬ 
glected.  In  the  presence  of  anisotropy,  however,  the  dipole 
rotates  about  an  axis  determined  by  the  strength  of  the  DC 
magnetic  field,  and  its  orientation  with  respect  to  the  crystal 
lattice  of  the  YIG  sphere. (6)  Systematic  optimization  of  the 
parameters  of  such  a  problem  would  be  a  very  time-consuming  task. 
However,  it  seems  clear  that  the  most  likely  optimum  configura- 


tion  has  the  DC  bias  field  normal  to  the  test  piece  surface  and 
the  crystal  oriented  with  its  easy  axis  parallel  to  the  DC  field. 
In  this  case  the  magnetic  dipole  moment  of  the  YIG  rotates  about 
the  direction  of  the  DC  field,  so  that  the  flaw-liftoff  signal- 
to-noise  is  maximum.  Furthermore,  the  DC  magnetic  field  re¬ 
quired  for  operation  is  minimum,  reducing  the  size  of  the 
permanent  magnet  required;  and  the  YIG  sphere  is  easily  oriented 
in  this  way.  This  is  obviously  not  consistent  with  the  tempera¬ 
ture  compensation  orientation  described  above,  and  probe  design 
will  have  to  be  based  on  an  engineering  tradeoff  between  sensi¬ 
tivity,  magnet  size,  temperature  stability,  and  probe  repro¬ 
ducibility. 

3.2.5  Spin  Wave  Instabilities 

Another  aspect  of  YIG  technology  relevant  to  YIG  probe 
design  is  the  avoidance  of  nonlinear  saturation  effects  due  to 
spin  wave  instabilities.  This  subject  is  treated  at  length  in 
Microwave  Ferrites  and  Ferrimagnetics .  (9)  Generally  speaking, 
as  the  excitation  of  the  YIG  resonance  is  increased  the  resonance 
response  broadens  and  decreases  in  amplitude  until  it  is  barely 
visible.  This  effect  is  highly  undesirable  in  devices,  such  as 
filters  and  EC  probes,  where  proper  functioning  depends  on 
having  a  strong  sharp  resonance.  In  these  cases  it  is  important 
to  avoid  operational  parameters  for  which  this  saturation  occurs 
at  extremely  low  input  power  levels  (on  the  order  of  microwatts) . 
As  explained  in  the  Lax  and  Button  reference  (pp.  214-215),  this 
depends  entirely  on  the  excitation  frequency  u>and  the  saturation 
magnetization  4ttMs  of  the  YIG  material.  The  condition  required 
for  avoiding  this  low  level  saturation  is  f  >  1.87  (4ttMs).  For 
pure  YIG  (4nMs  =  1750  oe)  f  must  be  greater  than  3270  MHz.  For 
the  4tims  =  250  oe,  to  have  better  flaw  characterization  data, 
theory  predicts  that  even  lower  frequencies  should  be  desirable. 
This  suggests  that  commercially  available  125  oe  material,  which 
has  a  low  frequency  limit  of  233  MHz,  needs  to  be  studied. 

3.2.6  Responses  to  Fatigue  Cracks,  EDM  Notches,  and  Scratches 


In  has  been  shown  that  probes  operating  at  microwave  fre¬ 
quencies  are  particularly  sensitive  to  the  opening  of  a  flaw  and 
are,  therefore,  readily  able  to  distinguish  between  fatigue 
cracks  and  EDM  notches  or  scratches  and  dents.  The  reason  for 
this  is  the  Faraday  effect,  i.e.,  a  contribution  to  the  flaw 
signal  due  to  the  magnetic  flux  of  the  probe  field  that  enters 
the  interior  of  the  open  flaw.dO)  It  is  seen  from  the  figure 
that  the  flaw  opening  term  in  the  equation  of  AZ  increases 
proportionally  to  frequency  and  tends  to  dominate  the  other 
terms  at  microwave  frequencies.  For  this  reason,  a  microwave 
probe  has  greater  discrimination  between  a  scratch  and  a  fatigue 
crack  (Figure  45)  than  does  a  probe  operating  in  a  megahertz 
frequency  range. 
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Figure  45.  Surface  Flaws:  (a)  Scratch,  (b)  Fatigue  Crack. 


3.2.7  Parameter  Optimization 

Scientific  and  technological  factors  entering  into  optimi¬ 
zation  of  probe  design  parameters  have  been  outlined  in  the 
subsections  above.  As  has  been  already  noted,  the  requirements 
are  often  contradictory  and  are  further  complicated  by  con¬ 
siderations  of  probe  fabrication.  For  example,  the  normal  bias 
field  geometry  recommended  on  the  basis  of  maximum  sensitivity 
requires  more  difficult  loop  fabrication  techniques  and  elimin¬ 
ates  the  lateral  shielding  provided  by  the  standard  encircling 
loop.  Strong  coupling  is  also  more  difficult  to  achieve. 
Engineering  choices  balancing  these  factors  against  practical 
constraints  in  fabrication  must  be  made  to  arrive  at  a  satis¬ 
factory  probe  design. 

3.3  FEATURES  OF  THE  FINAL  EXPERIMENTAL  DESIGN 


Figure  46  shows  the  essential  features  of  the  Battel le 
rotary  probe  design,  described  in  detail  in  the  experimental 
part  of  this  report.  The  single  coupling  loop  and  the  YIG  sphere 
are  mounted  at  the  end  of  the  probe  shaft,  which  contains  the 
miniaturized  electronics,  and  a  coaxially  mounted  permanent 
magnet  is  mounted  on  the  other  side  of  the  YIG  sphere.  It  is  very 
important  to  have  the  magnet  attached  rigidly  to  the  sphere 
mount.  The  field  of  a  small  magnet,  suitable  for  insertion  into 
a  bolt  hole,  is  nonuniform  and  motion  of  the  magnet  relative  to 
the  sphere  produces  large  changes  in  the  oscillator  frequency 
and  amplitude.  This  complicates  the  adjustment  of  magnetic 
field  direction  described  in  the  previous  section.  In  the 
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Figure  46.  Schematic  of  Miniaturized  Ferromagnetic  Resonance 
Probe . 


Battelle  design  this  adjustment  is  accomplished  by  cutting  the 
permanent  magnet  with  the  permanent  magnetization  skewed  rela¬ 
tive  to  the  axis  of  the  hole.  By  rotating  the  magnet  assembly 
about  the  hole  axis,  one  can  change  the  magnetic  field  direction 
relative  to  the  YIG  sphere.  In  assembling  the  probe  the  YIG 
sphere  is  mounted  on  an  insulating  shaft  and  held  in  the  coupling 
loop.  The  sphere  and  magnetic  field  orientations  can  then  be 
adjusted  in  air,  to  give  satisfactory  oscillator  operation. 

It  was  noted  in  the  previous  section  that  careful  choice  of 
the  crystal  and  magnetic  field  directions  is  required  to  achieve 
good  flaw-liftoff  signal  separation.  With  the  small  magnet 
shown  in  Figure  46  this  is  complicated  by  the  fact  that  the 
magnetic  field  diverges  from  the  ends  of  the  magnet  and  is  quite 
nonuniform  at  the  position  of  the  YIG  sphere.  This  nonuniformity 
of  the  DC  bias  field  applied  to  the  sphere  has  a  direct  effect 
on  the  flaw-liftoff  separation.  Furthermore,  the  mean  value  of 
the  magnetic  field  at  the  sphere,  as  well  as  its  direction, 
depend  on  the  spacing  between  the  magnet  and  the  sphere.  In 
addition,  the  rotational  adjustment  of  the  magnet,  described 
above,  can  only  move  the  magnetization  in  a  cone  about  the  axis 
of  the  probe.  For  these  reasons,  setting  the  magnetic  field 
direction  is  limited  to  certain  orientations.  In  the  experi¬ 
mental  part  of  the  program,  flaw-liftoff  separation  has  not  been 
achieved  in  the  geometry  of  Figure  46,  even  though  it  was 
successfully  demonstrated  on  the  nonminiaturized  probe  struc¬ 
ture  during  the  first  year  of  this  contract.  Suggested  further 
strategies  for  achieving  separation  include  adjusting  the  probe 
in  air  for  separation,  with  a  relatively  uniform  dc  magnetic 
field  and  a  plane  metal  surface,  setting  up  the  same  orientations 
in  the  geometry  of  Figure  46,  and  then  fine  tuning  in  the  final 


bolt  hole  geometry.  To  improve  the  flexibility  of  the  fine 
tuning  it  would  be  desirable  to  have  more  complete  control  of  the 
magnetic  field  direction,  which  is  restricted  to  a  conical  path 
by  the  magnet  geometry  of  Figure  46.  This  might  be  realized  by 
an  adjustable  soft  iron  shunt  around  the  permanent  magnet. 

Two  features  of  probe  design  relative  to  the  YIG  sphere 
itself  were  described  in  subsections  3.2.4  and  3.2.5  of  the 
previous  section.  The  first  concerns  temperature  compensation, 
which  requires  a  suitable  choice  of  orientation  of  the  crystal 
sphere.  This  criterion  is  in  conflict  with  the  flaw-liftoff 
separation  optimization  described  above,  and  it  is  not  clear  at 
this  stage  that  a  satisfactory  compromise  can  be  achieved.  In 
an  eddy  current  probe  long  term  temperature  stability  is  not  as 
important  as  it  is  in  a  YIG  filter  and  no  attempt  has  been  made 
to  achieve  this  compromise  in  the  final  probe  design,  although 
temperature  effects  were  investigated  experimentally  at  Bat¬ 
tel  le.  Subsection  3.2.5  dealt  with  nonlinear  saturation  ef¬ 
fects.  These  were  observed  experimentally  but  do  not  constitute 
a  limitation.  Noise  in  an  eddy  current  detector  is  dominated  by 
liftoff  and  tilt,  which  vary  with  the  oscillation  amplitude  in 
the  same  way  as  the  flaw  signal  itself.  There  is,  consequently, 
no  need  to  increase  the  oscillation  level  to  the  point  where 
saturation  effects  occur,  at  least  for  the  high  level  saturation 
effects  described  in  Microwave  Ferrites  and  Ferrimagnetics.  (  9  ) 
Care  must  be  taken,  however,  to  avoid  the  low  level  saturation 
effects  described  in  subsection  3.2.5.  As  was  stated,  this 
effect  can  be  eliminated  by  suitably  selecting  the  saturization 
magnetization  of  the  YIG.  This  is  the  reason  for  choosing  YIG 
spheres  with  a  4ttMs  of  250  oersteds  in  the  current  probes,  which 
permits  operation  down  to  approximately  500  MHz.  For  improved 
flaw  characterization  it  would  be  desirable  to  operate  at  even 
lower  frequencies,  and  experiments  were  performed  at  Battel  le  on 
150  oersted  material.  However,  it  was  not  found  possible  to 
achieve  satisfactory  coupling  with  a  single  turn  loop  in  this 
material.  Two  turn  loops  may  solve  this  problem,  but  at  the  cost 
of  more  difficult  fabrication  and  increased  probe  size. 

It  was  pointed  out  in  subsection  3.2.6  of  the  previous  sec¬ 
tion  that  microwave  frequency  probes  are  much  more  sensitive  to 
open  flaws  than  are  probes  operating  in  the  megahertz  frequency 
range.  For  this  reason,  it  is  important  to  perform  tests  on  real 
fatigue  cracks  as  well  as  on  EDM  notches.  In  the  experimental 
part  of  this  report  results  are  given  for  compact  ferromagnetic 
resonance  probes  without  flaw-liftoff  separations,  and  it  can  be 
seen  that  liftoff  is  not  a  serious  problem.  Figure  47  shows  some 
results  obtained  with  a  passive  ferromagnetic  resonance  (FMR) 
probe  under  a  previous  program  at  Stanford.  This  demonstrates 
that,  despite  the  shortcomings  of  the  passive  probe,  fatigue 
cracks  with  lengths  as  small  as  140  um  and  spacings  on  the  order 
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of  a  millimeter  can  be  resolved.  Comparative  tests  with  conven¬ 
tional  probes  were  unable  to  detect  these  flaws.  The  strong 
liftoff  line  curvature  in  passive  FMR  probes  was  a  major  dis¬ 
advantage  of  this  experiment,  as  it  limited  the  amount  of  Q- 
channel  gain  that  could  be  used.  In  spite  of  this,  very  good 
signal-to-noise  has  been  achieved.  Detection  with  equal,  or 
greater,  sensitivity  is  to  be  expected  in  an  active  probe 
adjusted  for  flaw-liftoff  separation. 

3.4  COMPARISON  OF  MICROWAVE  FMR  AND  CONVENTIONAL  MEGAHERTZ 

FREQUENCY  PROBES 

If  the  criterion  of  detection  sensitivity  is  taken  to  be  the 
ratio  of  flaw  signal  to  liftoff  signal  in  the  Q-channel,  the 
highest  sensitivity  for  a  closed  surface  breaking  crack  of  depth 
a  is  reached  when  a/6  >1.(8)  For  a  =  0.175  mm  in  a  material  such 
as  IN-100  or  titanium,  this  point  occurs  at  approximately  8  MHz. 
In  the  region  between  a/6  =  1  and  10,  i.e.,  between  8  and  800  MHz, 
the  sensitivity  increases  slightly  and  eventually  saturates.  An 
800  MHz  probe  is  therefore  not  expected  to  have  much  greater 
sensitivity  for  a  0.175  mm  closed  crack  than  does  an  8  MHz  probe. 
(For  an  open  flaw,  the  high  frequency  probe  is  expected  to  have 
a  significantly  greater  sensitivity. ) 

The  FMR  probe  does,  however,  have  a  number  of  important 
advantages.  First,  the  electrical  structure  is  very  easy  to 
fabricate.  It  requires  only  a  single-turn  loop  and  can  be  made 
with  a  very  small  diameter.  (At  the  present  time,  only  spheres 
down  to  0.3  mm  in  diameter  are  available  commercially,  but  this 
does  not  appear  to  be  a  limitation  to  the  fabrication  process.) 
It  has  been  shown  experimentally  at  Battel le  that  the  coupling 
loop  screens  the  probe  field,  so  that  shielded  probe  operation 
is  obtained  with  a  very  simple  structure.  The  FMR  probe  also  has 
enhanced  discrimination  against  scratches,  which  are  widely 
opened  flaws  (Figure  45).  Because  of  the  Faraday  effect  des¬ 
cribed  above,  the  phase  angle  of  the  flaw  signal  differs  greatly 
from  that  of  a  crack  at  high  frequencies. 

The  ferromagnetic  resonance  probe  has  also  been  shown  in 
earlier  work  at  Stanford  to  function  well  on  magnetic  work 
pieces,  provided  the  magnet  structure  is  correctly  designed.  At 
microwave  frequencies  magnetic  metals  have  very  high  losses  and 
detection  is  not  due  to  eddy  currents,  but  to  a  perturbation  of 
the  DC  bias  field  by  the  flaw  in  the  magnetic  work  piece.  To 
operate  over  a  magnetic  work-piece,  the  FMR  probe  must  have  its 
bias  field  normal  to  the  surface  (Figure  48).  The  magnetic  work- 
piece  acts  as  part  of  the  magnetic  return  path,  rather  than 
"shorting  out"  the  magnetic  field  applied  to  the  sphere.  When 
the  probe  passes  over  a  flaw,  the  DC  magnetic  field  pattern 
shifts,  as  shown  in  the  figure,  and  changes  the  frequency  and 
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amplitude  of  the  oscillation.  In  this  application  the  probe 
operates  in  the  manner  of  a  magnetic  particle  detector,  in  which 
small  magnetic  particles  are  used  to  detect  magnetic  flux 
leakage  around  cracks  in  a  magnetic  work-piece  that  is  mag¬ 
netized  by  an  external  electormagnet .  The  advantage  of  the  FMR 
"magnet  particle  detector"  is  that  it  is  small  and  portable, 
since  magnetization  of  the  component  under  test  is  required  only 
near  the  crack. 


4.0  SUMMARY  AND  CONCLUSIONS 


Experiments  were  performed  that  provided  data  for  the 
characterization  of  the  FMR  probe  in  both  the  passive  and  active 
modes  of  operation.  The  thrust  of  this  characterization  effort 
was  to  determine  the  limitations  of  the  FMR-MEC  technique  as  a 
function  of  probe  liftoff,  specimen  material,  and  specimen  and 
flaw  geometries.  Several  active  probe  designs  were  evaluated 
including  one  for  a  dual-differential  probe.  Major  advancements 
were  made  in  the  active  probe  signal  processing  circuitry  that 
have  provided  flaw/liftoff  discrimination  from  a  single  probe. 
The  new  signal  processing  method  provides  liftoff  noise  sup¬ 
pression  with  the  single  probe. 

Battelle  and  Stanford  also  studied  the  effects  of  the 
physical  constraints  involved  in  a  probe  design  for  inspection 
in  a  jet  engine  interstage  seal  key  slot  geometry.  Specifically, 
the  key  slot  inspection  requites  that  the  probe  access  a  geometry 
equivalent  to  a  3.5  mm  diameter  hole.  This  resulted  in  major 
advancements  in  the  miniaturization  of  the  active  FMR  probe  as 
well  as  in  the  development  of  enhanced  fabrication  techniques. 

Based  on  these  laboratory  experiments  and  theoretical 
studies,  a  rotary  probe  inspection  system  was  developed  for 
inspecting  small  radius  curve  surface  as  well  as  flat  surface 
geometries.  The  experimental  results  achieved  with  the  rotary 
probe  demonstrate  that  the  extremely  high  operating  frequency  of 
the  active  FMR  eddy  current  probe  does  not  limit  its  effective¬ 
ness  for  crack  detection  in  conditions  of  widely  varying  lift¬ 
off.  This  system  also  demonstrated  that  the  active  FMR  probe  and 
signal  processor  circuitry  can  be  made  practical,  simple,  and 
compact.  In  particular,  we  feel  that  one  of  the  primary 
advantages  of  the  active  FMR  probe  over  conventional  coil  probes 
is  its  extremely  small  effective  eddy  current  field  diameter  (or 
crack  detection  resolution)  which  is  0.38  mm  utilizing  a  0.30  mm 
YIG.  This  is  important  for  sizing  cracks  in  tight  geometries. 
With  the  use  of  hybrid  integrated  circuit  fabrication  tech¬ 
niques,  it  should  be  possible  to  reduce  the  diameter  of  the  small 
radius  active  FMR  probe  to  inspect  even  tighter  geometries  such 
as  3.13  mm  diameter  cooling  holes  with  an  effective  eddy  current 
field  resolution  of  less  than  0.38  mm. 
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